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Cerium-doped lanthanum bromide scintillation detection systems have recently been 
examined as an alternative to conventional detection systems, namely high-purity 
germanium, cadmium zinc telluride, and thallium-doped sodium iodide systems for 
various reasons including portability, sizing, and efficacy. As a non-destructive assay 
technique, these detectors quantify gamma rays from various samples to measure and 
identify specific radioisotopes. In nuclear facilities specializing in uranium, these 
detectors are mainly utilized to detect characteristic low-energy gamma rays of uranium-
235, specifically, 143 keV, 163 keV, 186 keV, 202 keV and 205 keV gamma rays. 
Accurately distinguishing closely-spaced gamma rays in spectral data is a common 
challenge in the non-destructive assay field that is typically tackled through programs that 
analyze gamma-ray photopeaks. Unfortunately, standardized programs that cater to 
conventional detectors do not produce accurate results for highly-enriched uranium 
samples examined by lanthanum bromide detectors, as lanthanum bromide crystals have 
their own intrinsic background radiation and resolution. Thus, the development of a 
program that could anticipate and accurately analyze spectra of sources containing 
uranium-235 from lanthanum bromide detection systems was conducted and is presented 
in this thesis.  
 
In the spectral analysis program formed, uranium-235 source spectra are calibrated and 
subtractions of an intrinsic background spectrum, high-energy gamma-ray Compton 
continua, and a scatter-in Compton continuum from the 186 keV gamma ray proceeds. 
The program then fits Gaussian functions to each characteristic photopeak 
 to determine its area, width, and centroid. The peak information retrieved from this 
program will ultimately be used with a separate differential attenuation program to 
quantify the amount of uranium-235. The spectral analyzation program developed can 
characterize the mass of uranium-235 in a sample to 10.33 percent error using a 
lanthanum bromide detection system without the use of a differential attenuation 
program. It should be noted that the primary purpose of determining uranium-235 mass 
with the spectra analyzation program alone was to investigate which uranium-235 
photopeaks were susceptible to systematic errors and to guide future development in 
background subtraction methodologies. Overall, the software created in this research is 
successful in quickly characterizing lanthanum bromide spectra and is suggested for use 
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CHAPTER 1 : 
INTRODUCTION  
 
The Y-12 National Security Complex [Y-12] in Oak Ridge, Tennessee is a highly-
enriched uranium [HEU] processing facility that handles large quantities of HEU. As 
HEU has historically been used to create nuclear weapons, it is a nuclear security concern 
which requires constant accountability. This accountability is typically completed 
through a multitude of measurements that quantify the nuclear material present in both 
processes and inventory. Accountability’s purpose is the prevention of proliferation of 
special nuclear material to undesired entities. Measurements of HEU at Y-12 have been 
completed through various modes including destructive and non-destructive means. 
Ideally, a non-destructive method like gamma spectrometry is employed to samples to 
retain the initial composition of the sample material. Conventional gamma spectrometry 
of HEU samples are completed using high-purity germanium detectors [HPGe] which 
feature a high resolution capable of distinguishing closely spaced lower energy uranium-
235 [U-235] gammas accurately. Although HPGe detectors have excellent resolution, 
they require cooling systems that are bulky and hard to transport across facilities. As a 
sizable amount of measurements at Y-12 are completed in various locations throughout 
the processing and storage facilities, HPGe detection systems are wanting for this 
purpose in regards to portability. Other detectors such as cadmium zinc telluride [CZT] 
and thallium-doped sodium iodide [NaI:Tl] were examined for their U-235 enrichment 
measurement capabilities but were found to have shortcomings in either the efficiency or 
energy resolution [1].  
 
Recent improvements in the commercial production of cerium-doped lanthanum bromide 
[LaBr3:Ce or LaBr3] scintillation crystals have afforded the possibility of LaBr3:Ce 
scintillators as an alternative to HPGe, CZT, & NaI:Tl detectors. LaBr3:Ce scintillation 
detectors, also denoted as LaBr3 detectors, have a reasonable energy resolution, come in 
significant scintillation crystal sizes which reduce the time required to obtain an accurate 
measurement, and do not require bulky cryogenic cooling. All of this makes LaBr3:Ce 
detection systems an ideal candidate for U-235 characteristic gamma measurements and 
U-235 enrichment determinations. An unfortunate obstacle of LaBr3:Ce detectors is their 
intrinsic radioactivity and subsequently a lack of research and analysis tools capable of 
examining the spectra measured. To counteract this shortcoming, research commenced to 
create a program that would accurately characterize the photopeaks in LaBr3:Ce spectra 
of U-235 samples.  This analysis tool would allow Y-12 radiological measurers to 
quickly obtain a spectrum of the U-235 sample, analyze the spectrum for U-235 
radioisotope presence, and determine the U-235 photopeak data. The information 
pertaining to the photopeak could then be inputted into available software to account for 






1.1. Research Objectives 
 
The research herein discussed was completed with several objectives in mind. The main 
objective was the completion of an analysis tool that could quickly examine U-235 
spectra obtained with LaBr3:Ce detectors and provide useful information about the 
characteristic U-235 photopeaks. The photopeak analysis tool that would be developed 
needed to be capable of several items. The first item is the importation of spectral data 
from file types created by the detection system into usable data. Using this feature, the 
program should be capable of hardcoding and referencing spectral background 
information pertinent to the detector utilized or be able to accept and utilize new spectral 
background information. This background data should be calibrated in the program to the 
correct energy calibration curve and be fit to a plethora of piecewise third order 
polynomial functions that accurately describe the spectral records seen without capturing 
most of the statistical fluctuations. This piecewise background spectrum function will 
allow users to scale the background spectrum to an inputted and subsequently energy 
calibrated U-235 source spectrum. After scaling, the analyses should subtract the 
background from the U-235 source spectrum at matching energies even if both the 
background and source spectra have different measurement settings. To further adjust the 
source spectrum before final analysis, subtraction of undesired features inherent to U-235 
spectra like high energy Compton continua or a small Compton angle continuum from 
the 186 keV gamma should occur. After the subtractions, analysis of the U-235 gamma’s 
corresponding photopeaks for their area will commence. To validate the values associated 
with the area of the photopeaks, an unconventional technique of comparing two source 
spectra (one of known U-235 properties, and one of unknown properties) to identify the 
U-235 mass in the unknown source will occur. The method employed to validate the 
code’s value is not typically utilized to characterize U-235 sources in SNM operations 
but it is suitable for benchmarking the program to verify the appeasement of all 
objectives. These benchmarks include the analysis of various known U-235 source 
spectra collected using both a LaBr3:Ce detection system and a HPGe detection system. 
The analysis of the benchmarking data should be evaluated for its deviation from the 
actual U-235 values and a conclusion drawn. This conclusion will determine whether or 
not the photopeak analysis tool is successful in quickly and accurately characterizing 
photopeaks resulting from a U-235 source detected via a LaBr3:Ce detector. Accurately 
characterizing photopeaks will allow further analyses of mass and enrichment to be 
completed for the sample in another analysis tool that accounts for differential attenuation 







CHAPTER 2 : 
BACKGROUND INFORMATION 
 
2.1. Non-Destructive Assay 
  
Non-destructive assay [NDA] is a common radiation detection technique used in nuclear 
security to measure and identify radioisotopes that compose a sample without destroying 
it. Typical methods of NDA include detection systems that measure gamma rays, 
neutrons, and samples containing spent fuel. Of particular interest are gamma-ray 
detection systems. Gamma-ray detection systems measure the population of gamma rays 
emitted from a radioactive isotope over a specified time and a range of energies. The data 
collected from a gamma-ray detection system can identify specific radioisotopes present 
and quantify the amount of radioactive material in the sample [2]. Typical gamma-ray 
detection systems used for radioisotope identification include “higher-resolution, solid 
state detectors” like HPGe or CZT detectors and medium to low resolution scintillation 
detectors such as NaI:Tl or LaBr3:Ce [3]. 
 
Of particular importance to the nuclear security field is the ability of NDA measurements 
to reliably be completed on site, at any time, without consuming the sample examined 
[4]. This capability allows nuclear inspectors and technicians at facilities to routinely 
verify and account for radioactive materials present in facilities. This is especially 
significant in examining special nuclear material ‘holdup’ or quantities of special nuclear 
material that are “deposited in the equipment, transfer lines, and ventilation systems of 
processing facilities” over an amount of time [5] . As nuclear accountancy is an essential 
approach to preventing the proliferation of nuclear material to disaffected organizations 
with violent intentions, it is important that innovative NDA techniques are constantly 
researched and improved to increase accuracy and accessibility. This necessity provides 
the basis for the research detailed in this thesis.  
 
2.2. Gamma-Ray Interactions 
    
Gamma rays or photons typically interact with surrounding materials or particles 
primarily through three mechanisms: photoelectric absorption, Compton scattering, and 
pair production [6]. During these interactions, the gamma ray transfers energy to the 
target material and the photon can either be fully absorbed or scatter off the target with 
less energy [6]. It is crucial to understand these gamma-ray interactions and their 
corresponding differential electron kinetic energy distributions to grasp the different 
spectral features of measurements taken by gamma-ray detection systems. Correctly 
identifying spectral gamma-ray features is necessary to ascertain various radioisotopes 




2.2.1. Photoelectric Absorption 
 
Through photoelectric absorption, a photon interacts with a bound atomic electron in a 
target atom, overcoming the electron’s binding energy, and transferring the rest of its 
energy to the electron and a small amount to the target atom to conserve momentum [7]. 
An illustration of photoelectric absorption is found in Figure 2-1. The influx of energy 
from the photon results in the ejection of the bound electron from its ionized absorber 
atom, leaving it with a vacancy in one of its bound electron shells [6]. The ejected free 
electron, also known as a photoelectron, has an energy characterized by Ee- where 
Ee- is equal to the energy of the incoming photon, hv, subtracted by the binding energy of 
the photoelectron in its original electron shell of the target atom, Eb [6]. 
 
 
Figure 2-1. Photoelectric absorption of a photon.  
 
The ionized absorber atom left behind from a photoelectric absorption will quickly 
capture a free electron from its surroundings and sometimes rearrange its shells to emit an 
x-ray photon coincident to the photoelectron [6]. 
 
Typical gamma ray detection systems like those that include a high voltage supply [HV], 
detector, pre-amplifier, amplifier, and a multi-channel analyzer [MCA] use photoelectron 
absorption to form peaks in differential distributions of electron kinetic energy[6]. The 
peaks that appear in these differential kinetic energy distributions, also called photopeaks, 
are located on the abscissa at the incident gamma-ray energy [6]. Figure 2-2 illustrates a 
differential electron kinetic energy distribution due to incident gamma rays of energy hv. 
 
 
Figure 2-2. Differential electron kinetic energy distribution due to photoelectric effect. 
 
The photoelectric absorption phenomenon is prominently used in radiation detection to 





2.2.2. Compton Scatter 
 
In Compton scattering, a photon collides with a free or weakly bound electron, imparting 
some of its energy to the electron, causing it to recoil, while the photon itself deflects off 
the electron [7]. Figure 2-3 illustrates this process below. 
 
 
Figure 2-3. Compton scattering of a photon. 
 
As the binding energy of a weakly bound electron or a free electron is insignificant, it is 
assumed that the kinetic energy resulting from a Compton scattering is equal to the 
energy lost by the photon [7]. The angles of both the deflected photon and the recoil 
electron are completely dependent on the energy imparted by the photon. The energy of 






ℎ (1 − )
  (2.1) 
= ℎ − ℎ ′ (2.2) 
 
Compton scattering interactions within detection systems yield a differential electron 
kinetic energy distribution that accounts for all photon scattering angles possible from 0° 
to 180°. The wide range of pulses produced by the different photon energies sums to 
produce a ‘Compton continuum’ with a general shape like Figure 2-4. 
 
Although the general shape of the Compton continuum stays the same for all Compton 
scattering interactions, the slope of the Compton continuum is variable to the binding 
energy of the electron prior to the Compton scattering. The highest energy on the 
Compton continuum ( = ), called the ‘Compton edge,’ is located a distance, Ec, away 











Figure 2-4. Differential electron kinetic energy distribution due to Compton scattering. 
 
2.2.3. Pair Production 
 
Pair production interactions occur when a photon with an energy of at least 1.022 MeV is 
in a strong electromagnetic field of an absorbing nucleus [7]. An illustration of pair 
production is found in Figure 2-5. 
 
 
Figure 2-5. Pair production of a photon. 
 
The photon disappears and produces an electron-positron pair with energies characterized 
by Equation 2.4 where  is the energy of the electron,  is the energy of the positron, 
hv is the energy of the photon, and 2  is the threshold energy (1.022 MeV) required 
to initiate the interaction. 
 
+ = ℎ − 2  (2.4) 
 
It is important to note that the nucleus itself does receive a small amount energy to 






After the positron and electron are produced and part ways, the positron quickly travels 
through the absorber, losing enough energy to combine with a nearby electron to produce 
two gamma rays called ‘annihilation gamma rays,’ each with an energy of 0.511 MeV. 
The resulting annihilation gamma rays can then interact in the detector, producing a 
photopeak at ‘full energy’ corresponding to the original incident gamma ray’s energy, hv, 
or they can escape. If one of the annihilation gamma rays escapes the detector, a 
photopeak called the ‘single escape peak’ appears at an energy of 0.511 MeV below the 
incident gamma ray’s energy, hv. If both annihilation gamma rays escape the detector, a 
photopeak called the ‘double escape peak’ appears at the energy of 1.022 MeV below the 
incident gamma ray’s energy, hv. The differential electron kinetic energy distribution of 
pair production interactions with features including the photopeak, single escape peak, 
and double escape peak is illustrated in Figure 2-6. 
 
 
Figure 2-6. Differential electron kinetic energy distribution due to pair production. 
 
2.3. Brief Overview of Various Conventional Gamma-Ray Detection 
Systems 
 
Professionals conducting NDA on special nuclear material [SNM] like HEU typically 
utilize gamma-ray detection systems like the aforementioned HPGe, CZT, NaI:Tl 
detectors. Research to replace these detectors with a better detector have yielded the 
LaBr3:Ce detector. An examination of each of the detector’s benefits and shortcomings 
justifies the need for a new detector like LaBr3:Ce. 
 
2.3.1. High- Purity Germanium [HPGe] 
 
The semiconducting and solid-state HPGe detection system leads the gamma-ray 
detection world with its superior energy resolution “ranging between 0.19 and 0.30%” [8] 
at “661.657 keV” [9], which is the characteristic gamma ray of Cesium-137 [Cs-137]. 
The high energy resolution exhibited by HPGe detectors allows radiation experts to 




detector spectra. Despite this excellent resolution, HPGe detectors are plagued by the 
necessity of cryogenic cooling to operate them [10]. Cryogenic cooling of HPGe 
detectors during operation is accomplished through large and bulky condensing liquid 
nitrogen cooling systems or electromechanical cooling systems similar to those pictured 
in Figure 2-7. The cryogenic cooling systems in Figure 2-7 depict the HPGe detector unit 
as the silver cylinder atop black cooling systems. These cooling systems severely restrict 
the portability of HPGe detectors throughout facilities and have been the main driving 
force for alternative radiation detector solutions.  
 
 
Figure 2-7. Condensed liquid nitrogen and electromechanical cooling systems, respectively [10]. 
 
2.3.2. Cadmium Zinc Telluride [CZT] 
 
CZT detection systems are another semiconducting and solid-state radiation detector with 
high energy resolution averaging around “2 to 4%” at the 661.657 keV emitted from Cs-
137 depending on detector size [11]. Although CZT detectors have a worse resolution 
than HPGe detectors, they are still successful in distinguishing gamma-ray photopeaks, 
especially the characteristic U-235 low-energy gamma rays of interest to nuclear security 
professionals. Unlike HPGe detectors, CZT detectors do not require bulky cryogenic 
cooling; however, they are not commercially available in large detector sizes. This lack 
of detector size and subsequent low geometric efficiency means that CZT detectors 
require a long measurement time to “achieve the same accuracy” in U-235 enrichment 
measurements “as that of NaI detectors”, a detection system with significantly lower 
energy resolution [1].  
 
2.3.3. Thallium-Doped Sodium Iodide [NaI:Tl] 
 
NaI:Tl scintillation crystals are an inexpensive detection material that can detect radiation 
signatures with “higher detection efficiencies and better timing properties than HPGe-




require bulky cryogenic cooling to operate. Despite the various advantages,  NaI:Tl 
detectors have a very low energy resolution at “about 7%” at Cs-137’s 661.657 keV, 
making them almost incapable of resolving close photopeaks like those emitted by U-235 
in the 100-200 keV region [8]. NaI:Tl’s energy resolution makes it relatively unsuitable 
for high accuracy analysis of U-235 photopeaks and has prompted further exploration 
into gamma-ray detector alternatives like LaBr3:Ce. 
 
2.3.4. Cerium-Doped Lanthanum Bromide [LaBr3:Ce] 
 
Recently, with the commercial availability of sufficiently sized scintillation crystals, 
cerium-doped lanthanum bromide detectors have been considered as a potential gamma-
ray detector in nuclear security applications[8]. LaBr3:Ce detectors boast a resolution of 
“about 3%” at 661.657 keV which is comparable to CZT detectors [8]. As LaBr3:Ce 
detectors are available in larger detector sizes, they surpass CZTs in terms of efficiency 
and required measurement time to reach an acceptable accuracy. In addition to the 
availability of reasonably sized crystals, LaBr3:Ce are a scintillation type detector that 
does not require bulky cryogenic cooling, making them portable and ideal for large 
facility use. LaBr3:Ce detectors also offer “far better timing properties” and “less dead 
time” over HPGe detectors which strengthens its potential as alternative detector [8].  A 
singular disadvantage of LaBr3:Ce scintillation crystals is the presence of an intrinsic 
background radiation from various isotopes in the LaBr3:Ce scintillation crystal. This 
intrinsic background radiation limits its “application in low count rate experiments” [12] 
because the minimum detectable activity is increased based off of the presence of a 
substantial background [6]. The intrinsic background of LaBr3:Ce detectors is discussed 
further in the next section. 
 
2.4. Lanthanum Bromide Intrinsic Background Radiation 
 
Although versatile, LaBr3:Ce detectors come with their own inherent difficulties, mainly 
their intrinsic background radiation. Even though the intrinsic background of a LaBr3:Ce 
scintillation crystal varies from detector to detector, the general spectral form of a 
LaBr3:Ce detector appears similar to Figure 2-8. Intrinsic radiation found in LaBr3:Ce 
detectors can easily be characterized by examining the radioactive isotopes that compose 
the LaBr3:Ce scintillation crystals, i.e., lanthanum-138 [La-138] and actinium-227 [Ac-
227]. The half-life, isotopic abundance in nature, and the various decay modes of these 
isotopes can be found in Table 2-1. Although most of the lanthanum present in the 
detectors is the stable isotope, lanthanum-139 [La-139], radioactive La-138 (~0.09%) is 
still present and decaying to provide multiple gamma rays that can be seen in LaBr3:Ce 
background spectra [13]. La-138 can decay through two methods, electron capture [EC] 





Through electron capture (65.60%), the La-138 captures an electron forming barium-138 
[Ba-138] which subsequently de-excites and emits a 1435.8 keV gamma ray [13]. During 
the electron capture, several x-rays of energies 4.47 keV (6.1%), 31.817 keV (10.7%), 
32.194 keV (19.5%), 36.304 keV (1.86%), 36.378 keV (3.6%), and 37.255 keV (1.14%) 
are also released coincident to the 1435.8 keV gamma ray emitted from the de-excitation 
of the Ba-138[13]. The electron capture decay mode of La-138 contributes to a prominent 
spectral photopeak-shaped feature in LaBr3:Ce intrinsic background spectra. This 
‘photopeak,’ located at the ~1460-1470 keV region, is conjectured [12, 14-17] to be the 
summation from a combination of the 1435.8 keV gamma ray, coincident x-rays from the 
electron capture, and a 1460.822 keV gamma ray from naturally occurring potassium-40 
[K-40] in the environment. The K-40 is said to contribute a miniscule amount to the 
summed photopeak, mostly being insignificant when compared to the contribution from 
La-138 [15]. A close look at the multi-photopeak can be viewed in Figure 2-9. 
 
 
Figure 2-8. LaBr3:Ce intrinsic background spectrum. 
 
In addition to the photopeaks at the ~1460-1470 keV region resulting from electron 
capture, a 511 keV photopeak can also be found in the intrinsic background spectrum as 
Figure 2-10 illustrates. As La-138’s 1435.8 keV gamma ray has an energy above the 
necessary 1022 keV energy requirement and it has a relatively strong pair production 
mass attenuation coefficient (“5.042E-04 cm2/g” [18] in LaBr3 and “1.726E-02 cm2/g” 
[18] in air), it can be assumed that the 1435.8 keV can undergo pair production. This 511 
keV photopeak seen in Figure 2-10 is likely a result of pair production that occurs outside 
of the detector to produce two 511 keV gamma rays. As the gamma rays inherently travel 
opposite each other, it is possible that one of the 511 keV gamma rays enters the 
detection system to form a 511 keV photopeak in the spectrum while other travels 
opposite and is lost to the environment. The paths of these 511 keV gamma rays explain a 
lack of a coincident 1022 keV annihilation peak seen in Figure 2-11. Although pair 
production is likely occurring in the LaBr3:Ce scintillation crystal, single and double 
escape peaks corresponding to 511 keV gamma rays from the 1435.8 keV photopeak are 




Table 2-1. Intrinsic background radioactive isotope information. 




Electron Capture: 65.60% 




Beta Minus: 98.62% 
Alpha: 1.38% 
 
A final feature relating to the electron capture of La-138 and subsequent emission of a 
1435.8 keV gamma ray is the presence of a Compton continuum. This spectral feature is 
the result of Compton scattering that the 1435.8 keV gamma ray is subject to throughout 
the LaBr3:Ce scintillation crystal. During Compton scattering, the gamma ray interacts 
with its target to deposit some of its energy, deflect off the target at a specified energy, 
and emit an electron [6]. The energy depositions contribute to what is called the 
‘Compton continuum’ like the continuum seen in Figure 2-12. In addition to La-138 
electron capture (65.60%), La-138 also decays by emitting a beta minus particle 
(34.40%) to form cerium-138 [Ce-138] which subsequently de-excites and emits a 788.7 
keV gamma ray [13]. The gamma ray and beta minus particle sum to provide a beta 
continuum spectral feature in the ~700 keV to 1000 keV region [14].  This beta 
continuum is enlarged in Figure 2-13. An overall glance at the spectral features formed 
mostly by the La-138 electron capture and beta decay can be in Figure 2-14. This view 
illustrates the aforementioned 1460-1470 keV photopeak, the Compton continuum and 
511 keV photopeak corresponding to the 1435.8 keV gamma-ray photopeak, and the beta 
continuum.  
 
In addition to the radioactive isotope La-138, Ac-227 is also found to be present in 
LaBr3:Ce detectors [21]. Ac-227, a daughter of U-235, is an undesirable isotope that falls 
within the same column as lanthanum on the periodic table and occurs naturally in the 
environment [21].  Due to the proximity of actinium and lanthanum on the periodic table, 
it is suggested that the “two are chemically similar and thus difficult to separate” [21]. 
This separation difficulty has resulted in the ineffectiveness of removing Ac-227 from 
commercial LaBr3:Ce scintillation material, leaving some behind to radioactively decay. 
The remaining amount of Ac-227 in LaBr3:Ce scintillators is capable of decaying 
through its two characteristic modes, beta decay (Figure A - 3) or alpha decay (Figure A - 
4). The decay chains resulting from an Ac-227 radioactive decay yield a variety of 
daughter isotopes, most of which are capable of subsequently decaying to another 
daughter. The entire decay chain of Ac-227 can be found in Table 2-2 with information 
including the half-life values, decay mode with branching ratios, decay particle energy 
values with intensities in parentheses, and daughter isotopes through alpha and/or beta 
decay. The particles of most interest to our gamma-ray spectroscopy application are the 
alphas emitted from both Ac-227 and its daughters. These alphas create several broad 
peaks in the 1500 keV region of LaBr3:Ce intrinsic background spectra. It is important to 
note that these ‘peaks’ do not show up at their true alpha energy on the gamma-ray 
spectrum but rather at gamma-ray equivalent energies like those seen in Figure 2-15. It is 













1435.8 keV Photopeak 
1460.822 keV Photopeak 





































Table 2-2: Actinium-227 decay chain data. 










































































































Table 2-2: Continued. 





















































































































2.5. Uranium-235 Measurement via Gamma-Ray Spectrometry 
 
NDA gamma-ray spectrometry measurements utilize the concepts outlined in Section 2.2 
to quantify radioisotopes like U-235. Quantification of U-235 is completed by 
determining the mass of the U-235 and by also determining the enrichment or percentage 
of a U-235 out of all the uranium isotopes present in a sample. The program created in 
this research will enable its users to quickly characterize sources, allowing for the 
calculation of mass or enrichment of U-235. 
 
Mass measurements through gamma-ray spectrometry of an isotope can be conducted by 
identifying a characteristic gamma ray’s photopeak, finding the area of the photopeak, 
and comparing to another spectrum of a source consisting of the same isotope but with 
known mass values. The area can typically be determined by fitting a Gaussian or normal 
distribution to the gamma ray’s photopeak and calculating the area through the 
distribution’s coefficients. A Gaussian distribution, ( ), corresponds to Equation 2.5 
where  is the area of the distribution,  is the width of the distribution, and  is the 







After the area of the photopeak is found, the same process repeats for the same photopeak 
on a different spectrum of known isotope values. The ratio of the computed areas is 
equivalent to the product of the ratio of the isotope masses and the ratio of each source’s 
attenuation for that particular gamma ray. 
 
Enrichment measurements via gamma-ray spectrometry can be completed through 
various methods. A traditional enrichment measurement for U-235 is the “enrichment 
meter principle” [EMP] where U-235 enrichment is based off the concept that the 
“observed intensity of the 186 keV gamma-ray line from a uniform source is directly 
proportional to the U-235 concentration” assuming that the “radiation is collimated so 
that a fixed area of the source is observed” and “the infinite thickness condition is 
fulfilled” [29]. Using the concept of the EMP, software like Ray Gunnink’s NaIGEM has 
been successful in identifying U-235 enrichment of spectra obtained using NaI:Tl 
detectors [29]. NaIGEM identifies the area through a “non-linear least square fitting 
procedure” where “enrichment is expressed as = ”, where  is the 
calibration constant,  is the matrix correction factor,  is the wall thickness 
correction factor, and  is the net peak area [29]. As NaIGEM accommodates NaI:Tl 
detection systems primarily, research into similar software that could be applicable to a 
variety of detection systems, specifically LaBr3:Ce detectors, was explored in this thesis.  
 
Another U-235 enrichment measurement method is the peak ratio technique which allows 




geometry-dependent calibration constants” [30]. The peak ratio technique is completed 
by “measuring the ratios of known peak intensities” and normalizing the measurements to 
a “common efficiency curve” [30]. Typical photopeaks compared are the “84.2 keV line 
(from thorium-231 [Th-231], daughter of U-235)” [30] or “89 and 93 keV x-ray peaks 
from the decay U-235” [31] and the “92.367 and 92.792 keV gamma ray doublet from 
uranium-238 [U-238] and Thorium-234 [Th-234]” [31].  These photopeaks are relatively 
close to each other, sometimes requiring further analysis to separate overlapping 
photopeaks. Typical software that utilize the peak ratio technique include Ray Gunnink’s 
“GRPANL” or “MGAU” cater to CdZnTe and HPGe detection systems, respectively 
[32]. The peak ratio technique is difficult for implementation to LaBr3:Ce detectors due 
to the necessity of visible U-235 and U-238 photopeaks. LaBr3:Ce detectors do not 
provide enough resolution to resolve the summed photopeaks in the 85-95 keV region. 
This is clearly seen in examining a 93% enriched uranium source spectrum using a 
LaBr3:Ce detector (Figure 2-17) and comparing the same source’s spectrum using an 
HPGe detector (Figure 2-16). 
 
Thus, there is a clear potential to use the concept of EMP like Gunnink’s NaIGEM to 
calculate the enrichment of U-235 in a source when spectra are obtained using a 
LaBr3:Ce detector. Finding the mass of U-235 in a source is the primary objective of the 
research detailed in this thesis for purposes of validation but it’s evident that the software 
created could easily be modified into a tool to find the enrichment of the U-235. As of 
now, the program will allow peak data to be extracted and input into another program that 















CHAPTER 3 : 
METHODOLOGY 
 
The LaBr3:Ce spectrum analysis program for U-235 sources was completed through a 
series of steps. The first was the acquisition of a U-235 spectra via a detection system to 
analyze. Next, Mathematica’s MATLAB program was utilized to import and prepare the 
spectra for analysis. Preparation of the spectra included energy calibration, intrinsic 
background subtraction, removal of undesired spectral features, and U-235 photopeak 
isolation. Finally, the characteristic photopeaks of U-235 were extracted and analyzed for 
source composition.  
3.1. Detection System Specifics & Measurement Setup 
 
To conduct the measurements necessary to form the analysis program, a detection system 
was established using a LaBr3:Ce scintillation detector or a HPGe detector with a liquid 
nitrogen cooling system, a digiDART multi-channel analyzer [MCA], detector interface 
module [DIM], shielding materials and collimation materials. This detection system was 
subjected to a europium-152 [Eu-152] calibration source, as well as various uranium 
standards of known characteristics. Throughout the measurements of the background, Eu-
152 calibration source, and uranium standards, the spectra were examined through 
ORTEC’s MAESTRO software on a PC. ORTEC’s MAESTRO software was also 
utilized to convert saved spectrum records into a file type recognizable to the MATLAB 
analysis program. 
 
3.1.1. LaBr3:Ce Scintillation Detector 
 
The LaBr3:Ce scintillation detector utilized to obtain spectra of U-235 sources was built 
by the ‘EFC Company’ located in Andersonville, TN, and is comprised of several 
components. The key component of the detection system is a Saint-Gobain Brilliance 380 
LaBr3:Ce 1” x 1” Scintillation Crystal with properties outlined in Table 3-1. 
 
Table 3-1: Saint Gobain Brilliance 380 LaBr3:Ce scintillation crystal properties. 
Property Value 
Density(g/cm3) 5.08 
Melting Point (°K) 1116 
Wavelength of Emission Maximum (nm) 380 
Refractive Index at Emission Maximum ~1.9 
Primary Decay Time (µs) 0.016 
Light Yield (photons/keVγ) 63 




In addition to the scintillation crystal, several other components including a photo-
multiplier tube [PMT], pre-amplifier, collimation materials, shielding materials, and 
external casing were used to form an entire LaBr3:Ce detection unit. This detector, 
depicted in Figure 3-1, allows gamma rays to enter the scintillation crystal, interact to 
emit an excited electron, and undergo fluorescence or the “prompt emission of visible 
radiation from a substance following its excitation” [6]. The visible light emitted from the 
excited electron can then be converted into an electrical signal in the PMT and later 




Figure 3-1. Schematic of LaBr3:Ce detector (built by and proprietary to the EFC Company). 
 
A comparison of the LaBr3:Ce detector to a traditional NaI:Tl detector can be seen in 
Figure 3-2 with the LaBr3:Ce on the left and the NaI:Tl on the right. Although the 
external casing is only seen, each detector contains its own external casing, shielding, 
collimation, PMT, amplifiers, and scintillation crystal.  
 
 





3.1.2. HPGe Detector and Liquid Nitrogen Cooling System 
The HPGe detection system utilized for benchmark measurements was an ORTEC GEM 
Poptop HPGe detection system. This system used liquid nitrogen cooling to operate the 
P-type coaxial HPGe detector. The GEM Poptop HPGe detector featured an endcap of 83 
mm or approximately 3.5 inches diameter. Its efficiency was around 50%. To take 
measurements, the HPGe detection system was placed in an ORTEC ISO-CART-II LN2 
with a heavy duty collimator that was 8 inches long and had a wall thickness of 1.8 
inches. An example of the ISO-CART-II LN2, collimator, and HPGe detection system 
unit can be found in Figure 3-3. All measurements taken with the HPGe detection system 
simply substituted for the LaBr3:Ce detector, keeping all other detection system 
apparatus the same. 
 
 
Figure 3-3. ORTEC ISO-CART-II LN2 mobile assay system holding HPGe detector [33]. 
 
3.1.3. ORTEC DigiDART and Detector Interface Module [DIM] 
 
The digiDART is a “portable multi-channel analyzer” by ORTEC/Advanced 
Measurement Technology that does not require an “attached PC” to obtain spectral 
measurements [34]. The digiDART used during measurements is capable of binning 
spectral records into up to 16,384 channels that can be viewed on its supplied LCD screen 
and saved for further analysis as ‘.CHN’, ‘.SPE’, and ‘.SPC’ files [34, 35]. The channels 
that the spectral records are binned into correspond to the energy of the coincident 
gamma ray upon the detection system. A voltage peak recorded by the digiDART MCA 
can be recorded up to “10V” [34]. A view of a digiDART MCA similar to the one used in 
the measurements obtained in this research can be found in Figure 3-4. 
 
Although the digiDART has its own LCD screen to view the spectra and does not require 




additional viewing features in the related ORTEC MAESTRO software. Attached to the 
digiDART is a detector interface module [DIM] that provides the HV Supply to the 
detector for its operation. This DIM is inline between the digiDART and the detector, 
allowing signal to feedthrough to the digiDART MCA for signal processing. Like the 
digiDART, the DIM’s use for all spectral measurements is necessary. 
 
 
Figure 3-4. ORTEC DigiDART[34]. 
 
3.1.4. Uranium-235 Standards 
 
The U-235 standards used to create benchmarks for the program were provided by the Y-
12 National Security Complex. Three types of HEU standards were examined with 
similar enrichment yet varying uranium masses. The associated values to these standards 
can be found in Table 3-2. standard A is a solution of dissolved uranyl nitrate 
hexahydrate [UNH] crystals held within a glass ampule and a plastic tube pictured in 
Figure 3-5 [36]. Although standard A is quantified in [36] to a mass of 1.00837 g, it is 
speculated that its actual mass is slightly lower than the data indicates. For now, standard 
A's mass in document [36] is assumed to be correct. standard B is a piece of uranium 
metal epoxied into two stainless steel discs that were welded together. All information 
regarding standard B was found using technical notes from Y-12. An overview of 
standard B’s arrangement can be found in Figure 3-6. Standards C through F are 
composed of UNH crystals that were dissolved in nitric acid and poured onto a filter 
paper of 11” x 20” dimensions [37]. After filtration, the filters were dried and kept [37].  
 
 






Figure 3-6. Standard B schematic. 
 
 
















1.00837 0.939426 93.2072 [36] 









































3.1.5. ORTEC MAESTRO Software 
 
ORTEC’s MAESTRO software is a “multichannel analyzer emulation” software that 
allows its users to examine MCA records via a PC during acquisition and afterwards to 
insert “regions of interest” [ROI], search for photopeaks, and calibrate spectra [35]. The 
ORTEC MAESTRO software was utilized to quickly examine the spectrum records prior 
to analysis and as a file conversion tool.  Examples of a U-235 standard’s spectrum 
records being viewed in MAESTRO in two different scaling views (logarithmic and 




















3.1.6. Detection System Set Up 
 
Using the instruments outlined earlier, measurements were obtained by connecting the 
LaBr3 or HPGe detector unit to a DIM, a digiDART MCA, and a PC. Depending on the 
detector, type of measurement, background or source, several detection setups were 
employed. The first set-up utilized a lead shielded box to exclude external background 
radiation. This arrangement was applied for the intrinsic background measurements of the 
LaBr3 intrinsic radiation (Figure 3-9). The second setup also utilized a lead shielded box 
but introduced an Eu-152 source inside the shielding to take calibration measurements 
that apply to the intrinsic background measurements (Figure 3-10).  
 
 




Figure 3-10. Eu-152 calibration of intrinsic background detection system setup. 
 
During intrinsic background measurements of the LaBr3 detector, a long count time 
(hours) was applied to ensure accurate background results and eliminate any error that 
could proliferate through further analysis measurements. 
 
Further measurements of U-235 standard sources were completed without the use of lead 
shielding to simulate on site measurements. The uranium standards used in these 
measurements were placed 12 inches away from the detection unit and measured for 
short times (minutes). Eu-152 calibration measurements for the uranium standards were 
completed by placing the Eu-152 source adjacent to the LaBr3 or HPGe detector.  




detection setups (MCA gain, etc.) from those of the intrinsic background measurements 
were utilized. In the case of HPGe detectors, the lack of intrinsic background resulted in 
no intrinsic background measurements and subsequently, the calibration of the spectra 
was completed using the U-235 source and known photopeaks. A depiction of the Eu-152 
calibration measurement corresponding to the uranium standards measurements can be 
seen in Figure 3-11 while a depiction of the uranium standards measurements can be seen 
in Figure 3-12. For the setups that utilize an HPGe detector (Figure 3-12), a HPGe 
detector and its cooling system were substituted for the LaBr3 detector. 
 
 




Figure 3-12. Uranium standards detection system setup. 
 
3.2. Importing Spectra 
 
The ORTEC digiDART utilized by the detection system can form a few different 
ORTEC file types including ‘.CHN’, ‘.SPC’, and ‘.SPE’ [38]. These file types can easily 
be converted in the ORTEC MAESTRO software to the file type of interest. As all 
‘.CHN’ files have the same general order in their binary format, ‘.CHN’ files were the 
only file type assessed in the analysis program and conversion of all spectra from other 
file types into ‘.CHN’ files proceeded. The data extracted from these ‘.CHN’ files was 
completed by examining the many bytes that compose the three main sections of a 
‘.CHN’ file: header, spectrum data, and additional information. The header data of a 
‘.CHN’ file is found at the very beginning of the binary file and its specific values are 









Data Type Use 
0 2 Integer Numerical File Type Designator (-1) 
2 2 Integer MCA Number / Detector Number 
4 2 Integer Segment Number 
6 2 Integer ASCII Start Time (sec) 
8 4 Integer 
Real Measurement Time (increments of 20 
milliseconds) 
12 4 Integer 
Live Measurement Time (increments of 
20ms) 
16 8 Integer ASCII Start Date (DDMMYYYY) 
24 4 Integer ASCII Start Time (HHMM) 
28 2 Integer Channel Offset of Data 
30 2 Integer Number of Channels 
 
 
After the header details, the spectrum records of the counts in each channel can be found 
in the following section of the ‘.CHN’ file. These spectrum records are “stored as 4 byte 
integers,” and for every channel a 4 byte integer record could be found [38]. After all 4 
byte integer spectrum records are read, a following section of additional information can 
be found with two versions, each designated by a number in the first two bytes of the 
section. The additional information section describes the calibration curves that can be 
utilized to calibrate the spectrum examined. These two versions are specified in Table 3-4 
and Table 3-5. After extracting all data from the ‘.CHN’ file, importation into a readable 
excel file proceeds, allowing count rates to be calculated, channels to be calibrated, and 
further analysis to continue. 
 
 
Table 3-4: '.CHN' additional information data version 1 from [38]. 
Byte Offset Byte Length Data Type Use 
0 2 Integer Numerical Version Designator (-101) 
2 2 Integer None 
4 4 Real 
Energy Calibration Zero Intercept [keV] 
(0.0 for un-calibrated spectrum)  
8 4 Real 
Energy Calibration Slope [keV/channel]  
(1.0 for un-calibrated spectrum) 
12 4 Integer None 
16 4 Real 
Peak Shape Calibration Zero Intercept  
(0.0 for un-calibrated spectrum) 
20 4 Real 
Peak Shape Calibration Slope  






Table 3-5: '.CHN' additional information data version 2 from [38]. 
Byte Offset Byte Length Data Type Use 
0 2 Integer Numerical Version Designator (-102) 
2 2 Integer None 
4 4 Real 
Energy Calibration Zero Intercept  
(0.0 for un-calibrated spectrum)  
8 4 Real 
Energy Calibration Slope 
(1.0 for un-calibrated spectrum) 
12 4 Real 
Energy Calibration Quadratic Term 
(0.0 for un-calibrated spectrum) 
16 4 Real 
Peak Shape Calibration Zero Intercept  
(0.0 for un-calibrated spectrum) 
20 4 Real 
Peak Shape Calibration Slope  
(1.0 for un-calibrated spectrum) 
24 4 Real 
Peak Shape Calibration Quadratic Term  
(0.0 for un-calibrated spectrum) 
 
3.3. Energy Calibration 
 
An energy calibration of a gamma-ray spectrum, regardless of the detector, can be 
completed using a known radioactive source that emits gamma rays of specified energies. 
Once a spectrum is obtained, spectrum analyzers must identify the photopeaks that 
correspond to the gamma rays emitted and associate the channel number to the known 
energy of the gamma ray. An example of this association can be found with the following 
Eu-152 spectrum in Figure 3-13. 
 
Using at least two photopeaks, the calibration curve can be derived. The calibration curve 
is a quadratic function that dictates the energy expected at each channel. As the 
calibration curve is relatively straight, it can typically be approximated with a linear 
function like the one seen in Figure 3-14. The uncertainty in the photopeak’s centroid 
channel number featured in Figure 3-14 is found by fitting Gaussian functions (Eq. 2.5) 
to the photopeaks and retrieving the  coefficient or the Gaussian peak’s centroid 
location. The uncertainty in photopeak’s centroid was determined by calculating the 
confidence interval at 95% confidence of . These confidence intervals were found 
using a QR decomposition of the Jacobian matrix and the Gaussian fit’s inverse of its 
correlation coefficient, R2 [39]. The QR decomposition is a process where a real matrix is 
‘decomposed’ using an orthogonal matrix, Q, and a upper triangular matrix, R [40].  
 
The function found using the photopeaks’ energy & channel number can then be applied 
to the initial spectrum’s channels, making the counts a function of energy rather than 
channel number. This yields Figure 3-15 which features an abscissa with units of energy 





It is important to note that once a calibration curve is obtained, detector settings including 
gain and number of channels must be consistent from run to run. Otherwise, a new 
calibration curve must be found to prevent the use of a wrong calibration. 
 
In the case of LaBr3:Ce spectra analyses, a Eu-152 spectra is obtained and examined for 
its 121.7817 keV (28.53% from electron capture), 244.6974 keV (7.55% from electron 
capture), and 344.2785 keV (26.59% from beta decay) gamma-ray photopeaks [41]. A 
calibration curve is found through the previously discussed methods of identifying the 
photopeaks on the spectra and finding a relationship between channel number and 
photopeak energy. The channel number & energy relationship or calibration curve is then 
applied to a LaBr3:Ce background spectrum and a LaBr3:Ce U-235 source spectrum with 
the same measurement settings. The calibrations of both a background spectrum and U-
235 source spectrum found with a LaBr3:Ce detector can be found in Figure 3-16 and 
Figure 3-17, respectively. 
 
If the LaBr3:Ce uranium source spectrum differs in measurement settings from that of the 
calibration spectrum, another Eu-152 spectrum can be obtained to create a new 
calibration curve or the LaBr3:Ce uranium source spectrum can be calibrated through 
several known photopeaks corresponding to gamma rays emitted from the uranium 
source. The photopeaks examined in the uranium source spectra correspond to the 143.76 
keV (10.96% from alpha decay), 163.356 keV (5.08% from α decay), and 185.715 keV 
(57.0% from alpha decay) gamma rays emitted from U-235 [42]. These gamma rays can 
then be used to create a calibration curve through the same method described previously. 
 
After the energy calibrations are completed, the count rate of each spectrum is divided by 
the change in energy from channel to channel, also known as the bin width. The bin 
width of a linear fit ( = + ) is simply the slope or  of the line while the bin width 
of a quadratic curve ( = + + ) is found by taking the derivative of the 
quadratic ( = 2 + ) to obtain a change in energy of 2 + . The division of the bin 
width from the count rate in each channel is completed to provide an equal comparison of 
values from spectrum to spectrum regardless of measurement settings. If the division of 
the bin width is not completed and two spectra with different measurement settings are 
compared, the spectra with a larger change in energy will have an inflated count rate due 
to a larger number of gamma rays being binned in the channel and vice versa. A 
comparison of a background and U-235 source spectrum using a LaBr3:Ce detector 





































3.4. Background Subtraction 
 
After calibrating the LaBr3:Ce background and uranium source spectra with the correct 
calibration function, a LaBr3:Ce background spectrum must be subtracted from the 
uranium source spectra to complete the U-235 analysis. LaBr3:Ce background spectra are 
the summation of the environmental background radiation readings and the intrinsic 
background inherent to the naturally radioactive LaBr3:Ce scintillation crystal. As most 
uranium source spectra differ in measurement settings than those used to find the 
background spectra, it becomes necessary to fit a function to the background spectrum 
that characterizes all of the spectral features and scales to the uranium spectra.  
 
Due to the various dissimilar features in LaBr3:Ce background spectra from La-138 beta 
decay and electron capture, K-40 decay, and Ac-227 alpha decay, it was determined that 
a cubic spline would accurately illustrate the different features of the spectrum while 
reducing statistical fluctuations. As the LaBr3:Ce background spectrum utilized for 
subsequent analyses of uranium source spectrum had a range of 0 keV to 2600 keV, it 
was also concluded that approximately 150 cubic functions are sufficient to smooth out 
the statistical fluctuations and retain all spectral features. In addition, as the cubic 
function fitting responded significantly better to data that had been displayed 
logarithmically to stretch out the data vertically, the cubic functions were fit to values of 
background count rates on a logarithmic scale. The cubic functions created followed the 
general form in the Equation 3.1 where a, b, c, and d are coefficients, E is the energy of 
the function and F is the frequency. 
 
 ( ) = + + +  (3.1) 
 
This cubic function form yielded functions that could be tied together at knots, locations 
that tie two cubic functions together, that were not even in domain length. This uneven 
knot distance maximized the characterization of the cubic spline function fitting to the 
varying spectral features. The piecewise function itself was created to be continuous by 
setting each cubic function equal to adjacent cubic functions like Equation 3.2. 
 
+ + + = + + +  (3.2) 
 
The derivatives of the independent cubic functions were also set equal to one another to 
ensure that the slope at each knot location is consistently the same across the entire 
background function and ensure continuity of the overall function. The derivatives set 
equal to each other can be Equation 3.3.  
 
3 + 2 + = 3 + 2 +  (3.3) 
 
A look at the resulting cubic piecewise function fitting can be seen in Figure 3-19 where 
the calibrated and logged background data is superimposed with the piecewise cubic fit. 




function’s domain for the intrinsic background spectrum used throughout the analysis 
program can be found in Appendix B.  
 
 
Figure 3-19. Background spectrum and background function superimposition. 
 
As the cubic spline fitting method employed utilizes data that accounts for the bin width 
of the spectrum, the background spectrum function can easily be applied to spectra of 
varying measurement settings. An example of seven LaBr3 detector intrinsic background 
spectra of varying gain and high voltage settings superimposed on each other can be 
found in Figure 3-20. Figure 3-20 illustrates that despite the varying measurement 
settings, the intrinsic background spectra can distend or contract depending on the 
settings. This variability is ideal for removing the necessity of measuring a background 
spectrum for each U-235 measurement and subsequently reducing the amount of time to 
analyze spectra.   
 
After finding the piecewise function coefficients, a reduced chi squared value of the 
continuous and piecewise cubic functions was calculated to determine how well the data 
was characterized. The reduced chi squared value ( ) indicates the ‘goodness of fit.’ A 
value less than one indicates that the fit is likely correctly characterizing the data and a 




approaching zero indicate that the fit is ‘overfit’ and potentially capturing undesired 
statistical fluctuations. The chi squared value ( ) for the intrinsic background spectrum 
was calculated by summing the squared difference between the observed value ( ) and 
expected value from the piecewise cubic fits ( ) over the observed value’s uncertainty 






The reduced chi squared value for the cubic piecewise function data found in Appendix B 
was calculated to be 0.05988 which is a value relatively close to zero. Thus, the data was 




Figure 3-20. Intrinsic background spectra of varying measuremenet settings. 
 
After determining the piecewise function, the subtraction of the background spectrum 
from the uranium source spectrum proceeds. A comparison of the uranium source 
spectrum to the background spectrum is found in Figure 3-21 with an ordinate of 
frequency per keV and Figure 3-22 with an ordinate of logged frequency per keV. The 
latter view illustrates a zoomed in view of the spectra. The subtraction procedure that was 
employed takes the frequency value at each energy and finds the piecewise background 




background function, the energy examined is input into the piecewise equation to get a 
logged background frequency value. The logged value can then be converted into an 
unlogged true value by taking the exponential of the logged frequency value. This 
background frequency value is then subtracted from the frequency of the uranium 
spectrum at the specified energy. If the value after subtraction is less than or equal to a 
zero value of counts, a value of a half count divided by the bin width from the energy 
calibration and the fractional live time of the uranium source spectrum is imposed. This 
value, which is almost zero, smooths out the uranium source spectrum if viewed in a 
natural logarithm scale. This small value is employed instead of a zero value because 
logged negative or zero values provide an unreal answer. It is important to note that this 
‘pseudo-value’ is so small, it does not affect the values obtained from photopeak analysis. 
This pseudo-value is also typically not incurred at the regions of interest corresponding to 
the U-235 photopeaks. After subtraction is completed, the uranium source data without 
the presence of background radiation can be viewed (Figure 3-23) and analyzed. After 
subtraction is successfully completed, reversion of the ordinate values to frequencies 
rather than frequency per unit energy can commence. This is completed by multiplying 
the values of frequency per unit energy by the corresponding energy bin division value 
(the slope of the energy calibration curve) to the U-235 spectrum. 
 
 















3.5. Removal of Spectral Features 
 
Prior to the final analysis of the photopeaks to determine the amount of U-235 present 
and after the subtraction of the background spectrum from the uranium source spectrum, 
several further subtractions must occur. These subtractions correspond to multiple high 
energy gamma-ray Compton continua and a scatter-in Compton continuum [SCC] 
resulting from 186 keV gamma rays emitted from U-235. Both the high energy Compton 
continua [HECC] and SCC from the 186 keV gamma ray convolute the uranium Source 
spectrum’s U-235 gamma photopeaks, resulting in less accurate U-235 mass calculations. 
Thus subtractions of these phenomenon were explored to improve U-235 mass 
calculation accuracy.  
3.5.1. High Energy Compton Continua [HECC] 
 
To start unfolding the uranium source spectrum, the Compton continua resulting from 
gamma rays greater in energy than 250 keV were characterized. These continua sum 
together to provide a total spectral feature that can be described as the aforementioned 
HECC. These continua aggregate in such a manner that the spectral shape resulting from 
HECC can be approximated as a line. This feature is dramatized in a logarithmic view 
(Figure 3-24) of a U-235 source spectrum measured by a HPGe detection unit.  
 
 





A view of the HECC summation can also be seen in the close-up view of Figure 3-25. 
This HECC line is determined by fitting a linear function to the count rates in the domain 
of 350 keV to 550 keV. The 350 to 550 keV domain was selected as it is the region in 
which the Compton continua appear to aggregate visually without any known gamma-ray 
photopeak intrusion of reasonable intensity. Both the summation and the linear function 
can be seen in Figure 3-25 of the background subtracted spectrum. 
 
 
Figure 3-25. HECC summation of U-235 spectrum seen using a LaBr3:Ce detector. 
 
The spectrum post-subtraction of the HECC summation can be found in Figure 3-26. If at 
any point the subtraction of the HECC function results in a negative count rate value, the 
count rate is set to zero as it is physically impossible to have a negative count rate.  This 
zero value is also utilized because viewing henceforth is completed in a linear scale 
unlike earlier subtractions. Subtraction of the HECC yields a spectrum that can further be 





Figure 3-26. Post-HECC subtraction of U-235 source spectrum seen using a LaBr3:Ce detector. 
 
3.5.2. Scatter-In Compton Continuum [SCC] 
 
SCC continua are the direct result of a photon Compton scattering outside the detector 
(e.g. detector housing) whose subsequent less energized photon travels into the detector 
and interacts inside the detector. As SCC continua occur due to a Compton scattering 
between the source and detector, the presence of a SCC indicates the presence of 
shielding material between the source and detector that permits interaction [44]. This 
phenomenon is aptly named the scatter-in Compton continuum because the photons that 
are emitted as a result of Compton scattering are emitted at a scattering angle that 
“approaches zero,” allowing it to continue into the detector at an energy almost 
equivalent to its parent photon’s energy [44]. The detection of these photons yields a 
spectral feature similar to a Compton Continuum but differs in the sense that it starts in 
the corresponding Compton continuum’s energy gap and continues on to the photopeak 
location. An illustration of the Compton continuum and SCC can be observed in Figure 
3-27.  
 
In the context of gamma-ray spectral analysis, SCC continua are undesired as they sum 
with their corresponding parent photopeak, contaminating the data. This is especially 




arrow indicates a step resulting from SCC contamination that increases the count rates by 
a function described later. Ideally, spectra of sources would only include spectral features 




Figure 3-27. Scatter-in Compton continuum. 
 
SCC continua are especially problematic in analysis of U-235 photopeaks as they 
significantly contaminate the 186 keV photopeak. Other photopeaks resulting from U-
235 characteristic gamma rays do not have a significant SCC that is visible on the 
spectrum and are neglected. Removal of the SCC associated with U-235’s 186 keV 
gamma ray was explored through various means. Generally, the SCC is described as a 
reverse of a cumulative distribution function or error function [ERF] of a Gaussian 
distribution. A reverse cumulative function appears as the ‘Reverse ERF’ seen in Figure 
3-29. The challenge with utilizing an ERF function to describe the SCC is its inability to 
be expressed as anything other than an integral, “erf( ) =
√
” [45]. The 
integral form of ERF is not advantageous to fit to a data set and thus several other 
equations were explored and compared. The result of this examination yielded the reverse 
logistics function seen in Figure 3-29 as ‘Reverse Logistics’. The reverse logistics 
function appeared to be a close enough approximation of the ERF/Cumulative 
Distribution function that could easily be implemented. 
 
Thus Equation 3.5, a  reverse logistics-like function, was created for the purposes of 
removing the SCC at the 186 keV photopeak: 
 
( ) =
(120   140 )





The reverse logistic function above utilizes the variables (120   140 ) 
which is the lowest frequency value between 120 keV and 140 keV,   which is the width 
of the 186 keV photopeak, and E which is the energy of the spectra. 
 
 
Figure 3-28. SCC contamination of photopeak. 
 
Using this form, a SCC reverse logistics function could be fit to the spectrum records of 
each examined uranium source spectrum and subtracted. Like the HECC subtraction, a 
negative value resulting from subtraction is simply changed to a zero value because a 
negative count rate is impossible and viewing of the data is completed in a linear scale. A 
superimposition of the SCC reverse logistic function and the uranium source spectrum 
with background and high energy Compton continuum subtractions can be found in 
Figure 3-30. After subtracting the SCC function, the U-235 source spectrum is ready for 
peak isolation and subsequent mass analysis. Figure 3-31 illustrates the spectrum from  

















Figure 3-31. SCC subtracted from U-235 source spectrum. 
 
3.6. Photopeak Isolation 
 
To start the analysis of the U-235 photopeaks from the uranium source, the photopeaks of 
interest, 143.76 keV (10.96%), 163.356 keV (5.08%), 185.715 keV (57%), and the 
202.12 keV (1.08%) / 205.316 keV (5.02%) summation are highlighted and identified 
(Figure 3-32) [42]. Due to the proximity of the 202.12 and 205.316 keV peaks, the lack 
of intensity of the 202 keV gamma ray, and the resolution of the LaBr3 detector, both the 
202.12 keV & 205.316 keV gamma ray sum and are treated as one photopeak and are 
henceforth labeled 205.316 keV. 
 
After identification, the characteristic gamma-ray photopeaks from U-235 are then 
isolated from one another to extract specific data associated with a singular photopeak. 
The isolation was completed by subtracting out nearby photopeaks starting with the 
rightmost or highest energy photopeak and moving leftward, excluding the photopeak of 
interest. Subtraction was accomplished by fitting a Gaussian distribution to the photopeak 
to be subtracted and subtracting values calculated using the Gaussian fit. The general 





The formula for which all Gaussian distributions were applied to the photopeaks is found 











Figure 3-32. Photopeaks of interest from U-235 source. 
 
After each peak is subtracted, the next photopeak is fit with another Gaussian and the 
process continues until all of the extraneous photopeaks are removed in the 130 keV to 
240 keV window and the isolated photopeak remains. Illustrations of each photopeak 
subtraction can be found by following Figure 3-33, Figure 3-34, and Figure 3-35 as the 
isolation of the 185.715 keV photopeak (Figure 3-36) proceeds. The isolation process 
will occur for each gamma ray of interest (143.76 keV, 163.356 keV, 185.715 keV, and 
the summed 202.12 keV / 205.316 keV) to populate figures like Figure 3-36 (185.715 
keV), Figure 3-37 (143.76 keV), Figure 3-38 (163.356 keV), and Figure 3-39 (202.12 
keV / 205.316 keV).  
 
Further examination into determining the photopeak Gaussian fits was explored in 
Appendix G where four Gaussians were concurrently fit to the spectrum. Discussion of 
this method in comparison to the method discussed in this section is also found in 




































Figure 3-39. Isolated 205.316 keV photopeak. 
 
3.7. Uranium-235 Photopeak Analysis 
 
After each photopeak was isolated, a final Gaussian Distribution was applied to each 
photopeak to obtain the peak area ( ), peak location ( ), peak width ( ), and the full 
width at half maximum [FWHM]. Illustrations of the isolated photopeak and its final 
Gaussian fit are seen in the Figure 3-36, Figure 3-37, Figure 3-38, and Figure 3-39. The 
Gaussian fits tabulated for each isolated photopeak can be superimposed on the spectrum 
after HECC and SCC subtraction to show its efficacy of only describing its respective 
photopeak. This superimposition is seen in Figure 3-40. Similarly, the gaussian fits, 
HECC, and SCC functions can be summed together and superimposed on the source 
spectrum to also show the process’s effectiveness in characterizing the spectrum. This 
total summation is found in Figure 3-41. 
 
After reviewing the superimpositions of the calculated functions onto the source 
spectrum, analysis of the functions can proceed. This analysis is implemented by looking 
at the Gaussian parameters that the photopeaks were fit to (Equation 3.6), regardless of 
the method employed, either ‘photopeak isolation’ or the ‘concurrent Gaussian fitting’ 
described in Appendix G. A classical Gaussian distribution is found in Equation 2.5 
while the Gaussian distribution that the data was fit to is found in Equation 3.6. The 
relationship between the coefficients of the actual Gaussian distribution ( , , )  to the 
coefficients of the classical Gaussian distribution ( , , ) can be found in the 


































The photopeak parameters determined by examining the Gaussian distributions can then 
be input to a subsequent analysis program to account for differential attenuation of the 
sample’s matrix. The differential attenuation analysis program uses attenuation correction 
factors for each gamma ray to account for attenuation inherent in the sample matrix. In 
lieu of using the differential attenuation program for benchmarking purposes, U-235 mass 
calculations proceeded to validate the data by examining the photopeak areas (Equation 
3.7) of two different sources. The mass comparison method quickly provides comparable 
results to the differential attenuation program that will be used in facility operation 
applications. To complete the mass comparison, two separate sources require the 
previous analysis steps to be completed twice, once for a U-235 source of known mass 
and once for a U-235 source of unknown mass. Using the ratio of the areas of the 
photopeaks, the mass of the unknown U-235 source can be derived through a series of 
variable cancellations and known relationships. The first relationship (Equation 3.11) 
used in the photopeak analysis is the definition of a count rate, , as the product of the 
activity of the isotope, , the branching ratio of the gamma ray emitted from the isotope, 
, and the efficiency of the detector, . 
 
= ∗ ∗  (3.11) 
 
Activity of an isotope (Equation 3.12) can be found by taking the product of the mass of 
the sample, , and the specific activity of the isotope, . 
 
= ∗  (3.12) 
 
The efficiency of the detector (Equation 3.13) is comprised of the “intrinsic” ( ), 
“geometry” ( ), and “attenuation” ( ) efficiencies where the attenuation efficiency is 
a combination of the attenuation from the container ( ) and the attenuation from the 
source’s matrix ( ) [46]. 
 






Taking all three relationships and combining yields Equation 3.14. 
 
= ∗ ∗ ∗ ∗ ∗  (3.14) 
 




( ∗ ∗ ∗ ∗ ∗ )
( ∗ ∗ ∗ ∗ ∗ )
 (3.15) 
 
Using the knowledge that the same isotope and gamma ray is being examined by the 
same detector with the same detector configuration for both measurements, the terms 








Thus the ratio of the count rate or summed area of the photopeaks is dependent on the 
masses of the isotope in the sample and the attenuation coefficient for the sample. The 
attenuation coefficients of each uranium source were found in a process detailed in [46] 
and were provided by Rick Oberer and Lisa Chiang from the Y-12 National Security 
Complex.  The values for these attenuation coefficients are found in Table 3-6 and Table 
3-7. 
 
Table 3-6: Standard A attenuation correction factors. 
γ Energy (keV) ( )   
143.76 1.084794 0.92183 
163.356 1.061446 0.94211 
185.715 1.044618 0.95729 
205.316 1.035036 0.96615 
 
 
Table 3-7: Standard B attenuation correction factors. 
γ Energy (keV) ( )   
143.76 4.58 0.21834 
163.356 3.40 0.29412 
185.715 2.65 0.37736 








Rearranging the simplified count rate ratio allows for one to solve for mass of the 







Thus the mass of an unknown source of U-235 can be calculated by inputting photopeak 
areas for a specific gamma ray, , corresponding attenuation correction factors, , and 








CHAPTER 4 : 
RESULTS AND DISCUSSION 
 
Using the photopeak analysis program created, users are able to input a U-235 source 
spectrum into the program and output essential U-235 photopeak data. The process that 
the program follows is seen in Figure 4-1. Various figures of the spectra throughout the 
analysis process are found in Appendices C through F. Appendix C provides plots of the 
U-235 source spectra after LaBr3:Ce Background Subtraction. Analysis discussed in 
Section 4.2 features spectra taken with a HPGe detection system for which an intrinsic 
background subtraction is not necessary. Therefore, there is no associated plot for the 
HPGe spectra in Appendix C. Appendix D provides figures of the spectra after 
background subtraction superimposed with the analyzed HECC function. Appendix E 
provides plots of the spectrum after background and HECC subtraction superimposed 
with the SCC function. Appendix F provides two plots for each source. The first plot in 
Appendix F displays the spectrum after background, HECC, and SCC subtraction 
superimposed with individual Gaussian distributions. The second plot of Appendix F 
features a superimposition of the summation of the HECC, SCC, and Gaussian 
distributions for each photopeak with the background subtracted spectrum.  
 
 
Figure 4-1. Summary of steps in LaBr3 analysis program. 
 
The associated photopeak data to the spectra featured in Appendices C through F can be 
found in the succeeding sections of this chapter. These spectra correlate to the standards 
A through F seen in Table 3-2. Standards A and B were examined with both LaBr3:Ce 
and HPGe detection systems while standards C through F were only surveyed by the 
LaBr3:Ce detection system. 
 
4.1. LaBr3:Ce Spectra Results 
 
As discussed earlier, the photopeaks were fit with a Gaussian formula detailed in 




















photopeak width ( ). To eliminate confusion between later uncertainty calculations, , 
and the photopeak width, , which use the same symbol, photopeak width will henceforth 
be denoted as ‘ ℎ’. The values of the Gaussian coefficients associated with the 
photopeak isolation method along with its respective uncertainties and chi squared values 
for each standard are summarized in Table 4-1, Table 4-3, Table 4-5, Table 4-7, Table 
4-9, and Table 4-11.  
 
The chi squared value ( ) for each photopeak’s fit was calculated in Equation 4.1 by 
summing the squared difference between the observed value ( ) and expected value 
from the Gaussian fit ( ) over the observed value’s uncertainty ( ). Chi squared was 
tabulated for its use as an “indicator of the agreement between the observed and expected 
values” where a value on the order of  indicates “the agreement is good” and a value 






The reduced chi squared value ( ), was found by taking the chi squared value and 
dividing by the degrees of freedom, . The degrees of freedom are a value one less 
than . Similar to , this method also indicates the ‘goodness of fit.’ A value less than 
one indicates that the fit is likely correctly characterizing the data and a value greater than 
one indicates the “distribution is unlikely to be correct” [43]. The reduced chi squared 
value can be calculated using Equation 3.4. 
  
The uncertainties of these coefficients were found by calculating the confidence intervals 
at 99% confidence of the coefficients. As discussed in Section 3.3, confidence intervals 
were found using a QR decomposition of the Jacobian matrix and the Gaussian fit’s 
inverse of the fitted function’s correlation coefficient [39]. The highest difference 
between the calculated coefficient and its interval edges was taken as the uncertainty. 
 
Using the Gaussian coefficients, the variables area, photopeak location, and photopeak 
width were then computed with Equations 3.6, 3.7, and 3.8. The uncertainties of these 
variables were then determined by error propagation using the uncertainty calculated for 
each Gaussian coefficient and the relationships between the coefficients and variables. 
Error propagation was completed for both the area and photopeak width but was 
neglected for the photopeak location due to its equivalency to a bare  coefficient. Error 
propagation was completed using the form of Equation 4.2. 
 





Uncertainty calculation commenced using the relationships between the Gaussian 
coefficients and area, photopeak location, and photopeak width variables. Partial 
derivatives were obtained for each variable with respect to the various coefficients 
comprising them for error propagation purposes. The partial derivatives for the Area are 
found in Equations 4.3 and 4.4 while the partial derivative for the width is seen in 
Equation 4.5. 
 
= ℎ ∗ √2  (4.3) 
ℎ






Afterwards, the partial derivatives and coefficient uncertainty were input to the error 
propagation formula and calculated. If error propagation does not occur, equivalency of 
uncertainty was found instead (Equations 4.6 through 4.8). 
 
=  ( ℎ ∗ √2 ) + ( √2 )    (4.6) 






Tables summarizing the values of the area, photopeak location, and photopeak width and 
their respective uncertainties are Table 4-2, Table 4-4, Table 4-6, Table 4-8, Table 4-10, 





4.1.1. Standard A Photopeak Data using LaBr3:Ce Detector 
 














(keV)   
143.76 0.2821 0.0089 145.3123 0.1361 5.3422 0.1951 0.0459 0.0011 
163.356 0.1183 0.0140 164.9775 0.4680 4.8447 0.6678 0.0060 0.0001 
185.715 1.4295 0.0161 187.8135 0.0594 6.5073 0.0917 0.0202 0.0005 
205.316 0.1487 0.0164 207.0080 0.6055 6.6048 0.9402 0.0146 0.0004 
 
 

















143.76 3.7775 0.1379 2.6715 0.1288 145.3123 0.1361 
163.356 3.4257 0.4722 1.0156 0.1848 164.9775 0.4680 
185.715 4.6014 0.0649 16.4877 0.2972 187.8135 0.0594 






4.1.2. Standard B Photopeak Data using LaBr3:Ce Detector 
 














(keV)   
143.76 1.0237 0.0522 144.5536 0.2657 6.4311 0.3897 0.0497 0.0013 
163.356 0.7186 0.0417 163.9130 0.4007 8.3745 0.6604 0.0532 0.0013 
185.715 7.5979 0.1346 186.1866 0.0929 6.5305 0.1367 0.1528 0.0038 
205.316 0.8544 0.0199 204.9748 0.1347 7.1275 0.2113 0.0789 0.0020 
 
 

















143.76 4.5475 0.2755 11.6690 0.9238 144.5536 0.2657 
163.356 5.9217 0.4670 10.6662 1.0441 163.9130 0.4007 
185.715 4.6178 0.0967 87.9456 2.4115 186.1866 0.0929 






4.1.3. Standard C Photopeak Data using LaBr3:Ce Detector 
 














(keV)   
143.76 0.1962 0.0379 143.0736 0.8504 5.4081 1.2242 0.2097 0.0044 
163.356 0.0937 0.0412 163.7155 1.0102 2.8192 1.4286 0.0494 0.0010 
185.715 0.8301 0.0433 186.1393 0.2684 6.3443 0.3904 0.0988 0.0020 
205.316 0.0778 0.0237 203.3481 3.4279 11.3628 7.1220 0.1209 0.0026 
 
 

















143.76 3.8241 0.8657 1.8807 0.5596 143.0736 0.8504 
163.356 1.9935 1.0102 0.4684 0.3141 163.7155 1.0102 
185.715 4.4861 0.2760 9.3345 0.7532 186.1393 0.2684 






4.1.4. Standard D Photopeak Data using LaBr3:Ce Detector 
 
Table 4-7: Gaussian coefficients of standard D's photopeaks using a LaBr3 detector. 













(keV)   
143.76 0.4458 0.0686 143.2999 0.6679 5.3291 0.9572 0.1821 0.0038 
163.356 0.1472 0.0374 162.8759 0.5401 2.6081 0.7638 0.0167 0.0003 
185.715 2.4630 0.0722 186.0577 0.1414 5.9697 0.2033 0.0935 0.0019 
205.316 0.2500 0.0425 204.3112 1.0555 7.5581 1.6874 0.1710 0.0036 
 
 

















143.76 3.7683 0.6768 4.2110 0.9962 143.2999 0.6679 
163.356 1.8442 0.5401 0.6807 0.2639 162.8759 0.5401 
185.715 4.2212 0.1437 26.0608 1.1711 186.0577 0.1414 






4.1.5. Standard E Photopeak Data using LaBr3:Ce Detector 
 














(keV)   
143.76 1.4808 0.1270 143.4573 0.3598 5.1616 0.5133 0.2273 0.0047 
163.356 0.4063 0.0265 163.1122 0.1817 3.4212 0.2570 0.0081 0.0002 
185.715 8.0734 0.1603 185.9754 0.0983 6.1545 0.1419 0.1899 0.0039 
205.316 0.8221 0.0404 204.4056 0.2914 7.2696 0.4561 0.1151 0.0024 
 
 

















143.76 3.6498 0.3630 13.5476 1.7789 143.4573 0.3598 
163.356 2.4192 0.1817 2.4639 0.2453 163.1122 0.1817 
185.715 4.3519 0.1004 88.0688 2.6797 185.9754 0.0983 






4.1.6. Standard F Photopeak Data using LaBr3:Ce Detector 
 














(keV)   
143.76 1.7516 0.1490 143.3713 0.3619 5.2321 0.5173 0.3064 0.0064 
163.356 0.5571 0.0687 163.2422 0.3636 3.6207 0.5142 0.0260 0.0005 
185.715 9.5963 0.2288 185.9813 0.1188 6.1824 0.1718 0.3098 0.0063 
205.316 0.9762 0.0746 204.6878 0.4512 7.2510 0.7045 0.1777 0.0038 
 
 

















143.76 3.6997 0.3658 16.2439 2.1188 143.3713 0.3619 
163.356 2.5602 0.3636 3.5750 0.6723 163.2422 0.3636 
185.715 4.3716 0.1215 105.1572 3.8505 185.9813 0.1188 




4.1.7. Mass Calculations using LaBr3:Ce Detector 
 
To verify that the data obtained was correctly manipulated and ready for U-235 
enrichment analysis, mass calculations of U-235 sources were completed. The mass 
calculation uses equation 3.17 to calculate the mass of an unknown source, , using the 
peak areas,  and , attenuation correction factors, and , and a known mass, 
. Uncertainty in this calculation can be found using error propagation techniques 
discussed earlier where the partial derivative for  is found with respect to  and  
and its partial derivatives and  and  uncertainty can be input into the error 
propagation formula to solve for the uncertainty in . The partial derivatives of the 
mass calculation are found in Equations 4.9 and 4.10 while the error propagation is found 


















The values of the masses and its uncertainties of standard B using standard A can be 
found in Table 4-13 while the masses and its uncertainties of standards D, E, and F using 
standard C can be found in Table 4-14, Table 4-15, and Table 4-16, respectively. The 
masses and its uncertainties were calculated using the same photopeak for each standard 
and the mass was found using the four significant photopeaks of U-235, 143.76 keV, 
163.356 keV, 185.715 keV, and 205.316 keV. 
 
To illustrate the deviation of the calculated mass from its actual mass, both masses are 
featured along with a percent error calculation. The percent error was calculated using the 
formula found in Equation 4.12. 
 
% =  
| − ℎ |
ℎ


































143.76 1.084794 4.58 1.000 11.000 18.441 1.709 67.65 
163.356 1.061446 3.4 1.000 11.000 33.641 6.950 205.83 
185.715 1.044618 2.65 1.000 11.000 13.531 0.444 23.01 
205.316 1.035036 2.26 1.000 11.000 13.541 2.491 23.10 
 
 






























143.76 1.00 1.00 2.20 6.850 4.926 1.873 28.09 
163.356 1.00 1.00 2.20 6.850 3.197 2.476 53.33 
185.715 1.00 1.00 2.20 6.850 6.142 0.567 10.33 








































143.76 1.00 1.00 2.20 16.620 15.847 5.154 4.65 
163.356 1.00 1.00 2.20 16.620 11.572 7.845 30.37 
185.715 1.00 1.00 2.20 16.620 20.756 1.790 24.89 


































143.76 1.00 1.00 2.20 22.170 19.001 6.173 14.29 
163.356 1.00 1.00 2.20 22.170 16.791 11.694 24.26 
185.715 1.00 1.00 2.20 22.170 24.784 2.196 11.79 





4.2. HPGe Spectra Results and Comparison to LaBr3:Ce Spectra 
 
Another validation of the photopeak analysis tool was the comparison of LaBr3:Ce 
results with the results from the analysis of standards A and B spectra using an HPGe 
detector. An HPGe detector was selected for the validation due to its high energy 
resolution discussed in previous sections. This energy resolution difference is clear in 
Figure 4-2, Figure 4-3, and Figure 4-4 where standard A and standard B spectra for both 
LaBr3:Ce and HPGe detectors are superimposed upon each other. HPGe detectors clearly 
have a small photopeak width, indicating its superior energy resolution. This small 
photopeak width allows for more photopeaks of lesser intensity to be viewed. It is also 
evident that there is a 203/205 keV summation in LaBr3:Ce detectors which has been 
approximated as simply a 205 keV photopeak due to a lack of intensity in the 203 keV 
gamma ray. 
 
Aside from visual comparisons, the two detection methods can be compared by 
examining the mass calculations of HPGe spectra. The mass calculations were completed 
using the method described in the previous section using the Gaussian coefficients and 
area, photopeak location, and photopeak width variables and respective uncertainties. All 
of these values were found using the same method discussed in Section 4.1. The Gaussian 
coefficients, uncertainties, and chi squared values for standard A and B can be found in 
Table 4-17 and Table 4-19. The area, photopeak location, and photopeak width variables 
with their respective uncertainties for standard A and standard B are found in Table 4-18 



















4.2.1. Standard A Photopeak Data using HPGe Detector 
 

















143.76 0.0725 0.0012 144.2123 0.0090 0.6621 0.0127 0.0089 5.3E-5 
163.356 0.0325 0.0004 163.7789 0.0055 0.6109 0.0078 0.0001 1E-6 
185.715 0.3760 0.0061 186.1364 0.0089 0.6825 0.0126 0.2158 0.0013 
205.316 0.0332 0.0076 205.7150 0.1497 0.8062 0.2117 0.3720 0.0022 
 


















143.76 0.4682 0.0090 0.0850 0.0022 144.2123 0.0090 
163.356 0.4320 0.0055 0.0352 0.0006 163.7789 0.0055 
185.715 0.4826 0.0089 0.4548 0.0111 186.1364 0.0089 




4.2.2. Standard B Photopeak Data using HPGe Detector 
 

















143.76 0.2593 0.0077 144.0278 0.0124 0.5200 0.0177 0.0334 2.1E-4 
163.356 0.1539 0.0056 163.6053 0.0158 0.5399 0.0224 0.0457 2.8E-4 
185.715 2.0689 0.0229 185.9621 0.0048 0.5438 0.0068 0.5254 0.0032 
205.316 0.1952 0.0232 205.5544 0.0548 0.5658 0.0775 0.5983 0.0037 
 
 


















143.76 0.3677 0.0125 0.2390 0.0108 144.0278 0.0124 
163.356 0.3818 0.0159 0.1473 0.0081 163.6053 0.0158 
185.715 0.3845 0.0048 1.9941 0.0333 185.9621 0.0048 




4.2.3. Mass Calculations using HPGe 
 






























143.76 1.085 4.58 1.000 11.000 11.867 0.615 7.89 
163.356 1.061 3.4 1.000 11.000 13.419 0.774 21.99 
185.715 1.045 2.65 1.000 11.000 11.123 0.330 1.12 




4.3. Analysis of Results 
 
After investigating the photopeak coefficients, area, location, and width, the masses of 
standards were calculated to measure the effectiveness of the photopeak data 
manipulation and retrieval process. To start with, all reduced chi-squared values of the 
photopeak Gaussian fits were close to zero, indicating that the data were well 
characterized by their fits. Also, as the uncertainty in the coefficients and subsequent 
Gaussian variables were not big, there seems to be no reason to doubt the values 
extracted. 
 
Overall, the masses calculated for the standards appear to be within a reasonable range of 
the actual masses of the standards. The HPGe spectra showed superior similarity to its 
actual value at a 1.12% error from its actual value when using the 185.715 keV 
photopeak. This low error can be attributed to the high-energy resolution of the HPGe 
detector. As HPGe detectors are relatively accurate, running the analysis program using 
HPGe spectra and receiving small percent errors demonstrates that the program created 
correctly analyzes the spectra to pull out relevant and accurate data and thus could be 
used for future facility applications. 
 
Unsurprisingly, the LaBr3:Ce spectra yields greater mass deviation due to a reduction in 
detector energy resolution. Despite this, the well-formed 185.715 keV photopeak 
typically provides reasonable mass values at errors ranging from 10.33% for standard D 
using standard C to 24.89% for standard E using standard C. Similarly, the 205.316 keV 
photopeak provides consistently acceptable mass deviations ranging from 10.46% for 
standard E using standard C to 31.31% for standard D using standard C. The 143.76 keV 
photopeak also demonstrates the ability for low error with values ranging from 4.65% for 
standard E using standard C to 67.65% for standard B using standard A. Despite its single 
low value for Standard E using standard C, the results using the 143.76 keV peak appear 
to vary with a high deviation for standard B using standard A. Unlike the previously 
discussed photopeaks, the 163.356 keV photopeak provides poor percent error at ranges 
of 24.26% for standard F using standard C to 205.8% for standard B using standard A.  
 
Thus it appears that the 143.76 keV, 185.715 keV, and 205.316 keV photopeaks are close 
in value to their true photopeak areas while a generous amount of variability for the 
163.365 keV photopeak is exhibited. The lack of accuracy for the 143.76 keV and 
163.365 keV photopeaks can be potentially attributed to the SCC of the 186 keV 
photopeak being incorrectly characterized with its logistics function. Issues with the SCC 
characterization are highlighted with large underestimations of the true mass of sources.  
This mass underestimating indicates that the spectral features being subtracted are 
overestimated, subtracting too much from the photopeaks. The SCC characterization is a 
problem inherent to all systems with a substantial SCC and requires better SCC spectral 
shape understanding in the future. The high percent error of the 163.356 keV photopeak 




keV and 185.715 keV photopeaks. This proximity means that the photopeak isolation 
process can wrongly attribute counts to the 143.76 keV photopeak and/or 185.715 keV 
photopeak rather than its actual 163.356 keV photopeak. 
 
While examining both the HPGe and LaBr3 spectra results, it is clear that the 185.715 
keV photopeak, which is typically well-defined to begin with, is easily and accurately 
characterized. As most enrichment analyses utilize the 185.715 keV photopeak, this 
analysis tool provides promising results that could be refined and utilized in daily 
applications at facilities like the Y-12 National Security Complex. Further adjustments to 
the analysis tool could be completed to reduce the error and better characterize 





CHAPTER 5 : 




To conclude this research, the analysis tool that was developed is capable of quickly 
analyzing U-235 spectra obtained with LaBr3:Ce detectors to provide useful data, such as 
the mass or enrichment of U-235 in the sample. The analysis tool imports spectral data 
and calibrates it to the correct gamma ray energy scale. Using a piecewise function 
corresponding to the intrinsic background of a LaBr3:Ce detector, the analysis code is 
capable of correctly subtracting intrinsic LaBr3:Ce background spectrum records scaled 
to equivalent energy bin ranges. The program is also able to remove HECC summations 
through a linear fit and remove the 186 keV SCC through a logistic-like function from an 
energy calibrated U-235 source spectrum of interest. After removing undesirable features, 
the program analyzes the photopeak data by subtracting surrounding photopeaks to 
isolate it and fit a Gaussian distribution. This Gaussian distribution provides valuable 
information which can be subsequently manipulated to find the mass and/or enrichment 
of the U-235 source sample. Examining well-defined photopeaks like the 185.715 keV 
photopeak of various U-235 standards yields data that comes within 10.33% to 24.89% 
deviation from its actual value. Other photopeaks resulting from the 143.76 keV (4.65% 
to 67.65% deviation), 163.356 keV (24.26% to 205.8% deviation), and 205.316 keV 
(10.46% to 31.31% deviation) gamma rays are also capable of being examined but are 
not as accurate or consistent as the photopeak resulting from the 185.715 keV gamma 
ray. Examinations of HPGe spectral data through this analysis tool provide even more 
accurate results, with a 1.12% deviation for the 185.715 keV from its true value. Overall, 
the analysis tool is relatively successful in quickly characterizing photopeaks resulting 
from a U-235 source to an acceptable level of accuracy. It is possible that error can be 
reduced through various measures, making this tool even more suitable to effectively 
measure U-235 sources in the field without the use of bulky HPGe detectors. Presently, 
this tool is a promising method for characterizing U-235 sources and has clear 
applications at the Y-12 National Security Complex.  
 
5.2. Recommendations and Future Work 
 
The analysis program developed is capable of quantifying U-235 sources to a sufficient 
amount of accuracy, yet further work indicates the potential for more accurate 
quantification. Future efforts to reduce error will include the use of a FWHM constraint 
to dictate the width of the Gaussian fits and reduce the fitting procedure’s flexibility as 
the analysis program appeared to provide larger widths than expected. This can be 




and applying the curve to the Gaussian fits of the photopeaks. In addition, the LaBr3 
intrinsic background function’s number of piecewise functions will be reduced 
significantly to reduce the function’s capture of statistical fluctuations. This reduction 
will be completed by specifying critical knots at which the functions will piece together. 
A better characterization of the background excluding statistical fluctuations should 
provide better photopeak results. 
 
A prospect for future iterations of the analysis programs to explore is the possibility of a 
singular function that could be fit to the photopeak data and would capture the expected 
Gaussians, HECC, and SCC continua all at once. Another possibility is changing the way 
the HECC and SCC are fit from the approximating linear function and a logistics function 
to more representative fits. Both changes might decrease the error of the analysis 
program. Aside from revising the analysis program, it is suggested that further 
measurements be obtained with a long count time of at least twenty minutes. This 
increase in measurement time would reduce the statistical fluctuations and better develop 
the photopeaks which are measured. After composing the final analysis program, a 
graphical user interface will be developed and applied so that future users of the software 
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Table B - 1 : Cubic functions of collimated LaBr3:Ce background spectrum for -3.17 to 666.65 keV 









-3.1727 31.75918 -0.00018 0.014642 -0.3998 2.132229 
31.75918 49.22513 0.000168 -0.00465 -0.0509 -1.81563 
49.22513 67.56437 -8.88E-05 0.004162 -0.0595 -3.22795 
67.56437 85.03031 1.88E-05 -0.00073 0.003503 -3.46738 
85.03031 102.4963 -7.72E-06 0.000256 -0.00471 -3.52791 
102.4963 119.9622 4.40E-06 -0.00015 -0.00284 -3.5733 
119.9622 138.3014 -3.11E-06 8.20E-05 -0.00401 -3.64482 
138.3014 155.7674 1.84E-06 -8.92E-05 -0.00414 -3.70989 
155.7674 173.2333 -1.80E-06 7.16E-06 -0.00557 -3.79956 
173.2333 190.6993 3.03E-07 -8.71E-05 -0.00696 -3.90423 
190.6993 208.1652 2.28E-06 -7.12E-05 -0.00973 -4.05082 
208.1652 225.6312 -4.80E-06 4.83E-05 -0.01013 -4.23032 
225.6312 243.0971 6.62E-06 -0.0002 -0.01284 -4.41812 
243.0971 261.4363 2.19E-06 0.000144 -0.01389 -4.66918 
261.4363 278.9023 -5.13E-06 0.000264 -0.00641 -4.86206 
278.9023 296.3682 -1.13E-06 -4.38E-06 -0.00187 -4.92074 
296.3682 313.8342 4.56E-06 -6.37E-05 -0.00306 -4.96082 
313.8342 332.1734 -5.90E-06 0.000175 -0.00112 -5.00947 
332.1734 349.6394 3.14E-06 -0.00015 -0.00065 -5.00749 
349.6394 367.1053 1.70E-06 1.52E-05 -0.00299 -5.04768 
367.1053 384.5713 -4.71E-06 0.000104 -0.00091 -5.08629 
384.5713 402.9105 6.40E-06 -0.00014 -0.00157 -5.0954 
402.9105 420.3764 -8.13E-06 0.00021 -0.00034 -5.13265 
420.3764 437.8424 8.28E-06 -0.00022 -0.00045 -5.1178 
437.8424 455.3083 -6.78E-06 0.000218 -0.00042 -5.1474 
455.3083 472.7743 2.51E-07 -0.00014 0.000992 -5.12431 
472.7743 490.2402 1.05E-05 -0.00012 -0.00357 -5.14752 
490.2402 507.7062 -1.40E-05 0.000424 0.001658 -5.1921 
507.7062 526.0454 2.91E-06 -0.00031 0.00361 -5.1087 
526.0454 543.5113 9.40E-06 -0.00015 -0.00489 -5.1294 
543.5113 560.9773 -9.65E-06 0.000341 -0.00159 -5.21097 
560.9773 578.4432 2.97E-06 -0.00017 0.001484 -5.18614 
578.4432 596.7825 1.16E-06 -9.62E-06 -0.00157 -5.19477 
596.7825 614.2484 -2.39E-06 5.41E-05 -0.00075 -5.21958 
614.2484 631.7144 -9.73E-07 -7.09E-05 -0.00104 -5.22888 
631.7144 649.1803 6.26E-06 -0.00012 -0.00441 -5.27393 




Table B - 2: Cubic functions of collimated LaBr3:Ce background spectrum for 666.65 to 1319.87 keV 









666.6463 684.1122 2.81E-06 -0.00013 -0.00158 -5.37733 
684.1122 701.5781 -1.10E-06 1.89E-05 -0.0035 -5.42917 
701.5781 719.9174 1.53E-06 -3.86E-05 -0.00384 -5.49032 
719.9174 737.3833 -3.45E-07 4.56E-05 -0.00371 -5.5643 
737.3833 754.8493 -2.01E-06 2.75E-05 -0.00244 -5.61708 
754.8493 772.3152 1.36E-05 -7.80E-05 -0.00332 -5.66197 
772.3152 790.6545 -8.15E-06 0.000637 0.006439 -5.67106 
790.6545 808.1204 -2.39E-05 0.000188 0.021568 -5.38911 
808.1204 825.5863 2.93E-05 -0.00107 0.006253 -5.08242 
825.5863 843.0523 -1.42E-05 0.000472 -0.0041 -5.1418 
843.0523 861.3915 7.61E-06 -0.00027 -0.00062 -5.14518 
861.3915 878.8575 -5.22E-06 0.000146 -0.00295 -5.20137 
878.8575 896.3234 5.58E-06 -0.00013 -0.00262 -5.23606 
896.3234 913.7894 -5.81E-06 0.000165 -0.00196 -5.29096 
913.7894 931.2553 3.65E-06 -0.00014 -0.00151 -5.30581 
931.2553 948.7212 -9.53E-07 5.23E-05 -0.00303 -5.35514 
948.7212 966.1872 -2.21E-06 2.33E-06 -0.00207 -5.39711 
966.1872 984.5264 2.74E-06 -0.00011 -0.00402 -5.44438 
984.5264 1001.992 -3.17E-06 3.72E-05 -0.00542 -5.53934 
1001.992 1019.458 5.40E-06 -0.00013 -0.00702 -5.6395 
1019.458 1036.924 -3.56E-06 0.000154 -0.00659 -5.77272 
1036.924 1055.264 3.86E-06 -3.28E-05 -0.00448 -5.85986 
1055.264 1072.729 -3.84E-06 0.00018 -0.00178 -5.92915 
1072.729 1090.195 1.48E-06 -2.13E-05 0.000987 -5.92587 
1090.195 1107.661 -2.41E-06 5.62E-05 0.001597 -5.90724 
1107.661 1125.127 1.94E-06 -7.02E-05 0.001354 -5.87504 
1125.127 1142.593 -1.82E-06 3.15E-05 0.000678 -5.86247 
1142.593 1160.059 3.12E-06 -6.39E-05 0.000112 -5.85072 
1160.059 1178.398 -3.58E-06 9.95E-05 0.000734 -5.85165 
1178.398 1195.864 2.77E-06 -9.74E-05 0.000774 -5.82679 
1195.864 1213.33 -6.16E-06 4.80E-05 -8.85E-05 -5.82819 
1213.33 1230.796 6.33E-06 -0.00027 -0.00405 -5.84792 
1230.796 1249.135 -1.10E-05 5.71E-05 -0.00785 -5.96868 
1249.135 1266.601 1.98E-05 -0.00055 -0.0169 -6.16155 
1266.601 1284.067 -1.59E-05 0.000488 -0.018 -6.51912 
1284.067 1301.533 1.54E-05 -0.00035 -0.01555 -6.76964 




Table B - 3: Cubic functions of collimated LaBr3:Ce background spectrum for 1319.87 to 1953.89 keV 









1319.873 1337.339 2.31E-06 -0.0003 -0.01074 -7.24595 
1337.339 1354.804 1.78E-05 -0.00018 -0.01916 -7.51321 
1354.804 1372.27 -2.82E-05 0.000751 -0.0092 -7.80827 
1372.27 1389.736 4.07E-05 -0.00073 -0.00881 -7.89041 
1389.736 1407.202 1.01E-05 0.001403 0.002986 -8.04964 
1407.202 1424.668 -6.02E-05 0.00193 0.061209 -7.51581 
1424.668 1443.007 3.95E-07 -0.00122 0.073549 -6.17861 
1443.007 1460.473 3.11E-05 -0.0012 0.029064 -5.23891 
1460.473 1477.939 -4.60E-05 0.000429 0.015564 -4.9321 
1477.939 1495.405 -2.61E-05 -0.00198 -0.01158 -4.77464 
1495.405 1513.745 0.000136 -0.00335 -0.10472 -5.72078 
1513.745 1531.21 -7.61E-05 0.004128 -0.09045 -7.92959 
1531.21 1548.676 9.39E-06 0.000139 -0.01591 -8.65561 
1548.676 1566.142 -1.77E-05 0.000631 -0.00245 -8.84104 
1566.142 1583.608 1.67E-05 -0.0003 0.003378 -8.78575 
1583.608 1601.074 -3.17E-05 0.000579 0.008294 -8.72838 
1601.074 1618.54 2.97E-05 -0.00108 -0.00053 -8.57603 
1618.54 1636.879 2.19E-06 0.000474 -0.01118 -8.75758 
1636.879 1654.345 -2.64E-05 0.000595 0.008429 -8.78958 
1654.345 1671.811 3.12E-05 -0.00079 0.005072 -8.60142 
1671.811 1689.277 -2.63E-05 0.000846 0.006094 -8.58691 
1689.277 1707.617 1.68E-05 -0.00053 0.011581 -8.36254 
1707.617 1725.082 -1.18E-05 0.000391 0.009006 -8.22548 
1725.082 1742.548 6.34E-06 -0.00023 0.011895 -8.0116 
1742.548 1760.014 -3.25E-07 0.000106 0.009812 -7.83891 
1760.014 1777.48 -9.84E-06 8.93E-05 0.013229 -7.63683 
1777.48 1794.946 1.56E-05 -0.00043 0.007345 -7.43095 
1794.946 1812.412 -1.29E-05 0.000389 0.006698 -7.34978 
1812.412 1830.751 1.12E-05 -0.00028 0.008522 -7.18259 
1830.751 1848.217 -9.04E-06 0.00033 0.009346 -7.05321 
1848.217 1865.683 9.03E-09 -0.00014 0.012593 -6.83753 
1865.683 1883.149 2.76E-06 -0.00014 0.007574 -6.66144 
1883.149 1901.488 1.47E-06 1.36E-06 0.005092 -6.55819 
1901.488 1918.954 -6.41E-06 8.23E-05 0.006627 -6.45526 
1918.954 1936.42 9.74E-06 -0.00025 0.003638 -6.34855 




Table B - 4: Cubic functions of collimated LaBr3:Ce background spectrum for 1953.89 to 2606.24 keV 









1953.886 1972.226 2.17E-06 2.32E-05 0.008586 -6.19131 
1972.226 1989.692 -9.11E-06 0.000143 0.01163 -6.01264 
1989.692 2007.157 -4.24E-06 -0.00033 0.008284 -5.81446 
2007.157 2024.623 7.66E-06 -0.00056 -0.00728 -5.79439 
2024.623 2042.089 1.03E-05 -0.00016 -0.01972 -6.05053 
2042.089 2059.555 2.19E-06 0.000383 -0.01575 -6.38757 
2059.555 2077.021 -1.37E-05 0.000497 -0.00037 -6.53417 
2077.021 2095.36 6.18E-08 -0.00022 0.004487 -6.46182 
2095.36 2112.826 1.46E-05 -0.00022 -0.00349 -6.45284 
2112.826 2130.292 -1.67E-05 0.000549 0.002342 -6.50174 
2130.292 2147.758 9.65E-06 -0.00032 0.006265 -6.38213 
2147.758 2166.098 -8.86E-06 0.000181 0.00375 -6.32037 
2166.098 2183.563 1.22E-05 -0.00031 0.001438 -6.24547 
2183.563 2201.029 -7.94E-06 0.000332 0.001876 -6.249 
2201.029 2218.495 5.43E-06 -8.42E-05 0.006203 -6.15729 
2218.495 2235.961 -1.04E-05 0.000201 0.008236 -6.04567 
2235.961 2253.427 -2.87E-06 -0.00034 0.005725 -5.89604 
2253.427 2270.893 9.77E-06 -0.0005 -0.00894 -5.91643 
2270.893 2289.232 9.41E-06 1.69E-05 -0.01729 -6.17146 
2289.232 2306.698 -4.20E-06 0.000535 -0.00717 -6.42476 
2306.698 2324.164 -1.45E-05 0.000315 0.007667 -6.40924 
2324.164 2341.63 -3.86E-07 -0.00045 0.005355 -6.25676 
2341.63 2359.97 2.53E-06 -0.00047 -0.01062 -6.30171 
2359.97 2377.435 1.62E-05 -0.00033 -0.02521 -6.63805 
2377.435 2394.901 -7.39E-07 0.000522 -0.02182 -7.09198 
2394.901 2412.367 -6.13E-06 0.000483 -0.00428 -7.31793 
2412.367 2430.707 -4.29E-06 0.000162 0.006985 -7.27793 
2430.707 2448.173 -1.91E-06 -7.45E-05 0.008585 -7.12193 
2448.173 2465.638 5.19E-06 -0.00017 0.00423 -7.00492 
2465.638 2483.104 -5.28E-06 9.71E-05 0.002873 -6.95671 
2483.104 2500.57 4.60E-06 -0.00018 0.001435 -6.90503 
2500.57 2518.036 3.38E-06 6.17E-05 -0.00062 -6.91018 
2518.036 2535.502 -3.29E-06 0.000239 0.004628 -6.88418 
2535.502 2553.842 -9.43E-07 6.63E-05 0.009957 -6.74804 
2553.842 2571.307 3.47E-07 1.44E-05 0.011437 -6.54896 
2571.307 2588.773 -1.08E-05 3.26E-05 0.012259 -6.34294 




Table B - 5: Cubic functions of collimated LaBr3:Ce background spectrum for 2606.24 to 2642.05 keV 









2606.239 2624.579 -7.59E-06 -0.00051 -0.01472 -6.27504 
2624.579 2642.045 1.66E-05 -0.00093 -0.0412 -6.7644 
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APPENDIX F : 
PHOTOPEAK GAUSSIAN FUNCTIONS AND SUPERIMPOSED 






















































































APPENDIX G : 
CONCURRENT GAUSSIAN FITTING OF ALL PHOTOPEAKS 
Alternative methods to characterize the photopeaks of U-235 sources other than those 
detailed in this research were explored upon completion of the analysis program. The 
alternative method discussed in this appendix was completed to reduce the error provided 
from the photopeak isolation technique discussed in Section 3.6.  
This alternative method, coined the ‘Concurrent Gaussian Fitting,’ fits four separate 
Gaussian distributions to the four photopeaks of gamma rays of interest, 143.76 keV 
(10.96%), 163.356 keV (5.08%), 185.715 keV (57%), and the 202.12 keV (1.08%) / 
205.316 keV (5.02%) summation, at once [42]. This method is completed using a least 
squares fitting approach with initial coefficient guesses gleaned from the coefficient data 
from the photopeak isolation technique. All four Gaussian distributions follow Equation 
3.6. The coefficients from these equations were then manipulated and analyzed according 
to Section 3.7. The Gaussian fits, the total fitting curve, and the spectrum data are 
compared in Figures G – 1 through G – 8. The tables of the Gaussian coefficient data and 
the Gaussian parameters are found in Tables G – 1 through G – 16. Approximations of 
the mass are found in Tables G – 17 through G – 21. 
The concurrent Gaussian fitting method appears to have slightly better percent errors for 
all photopeaks. Table G - 22 recalls the lower and upper bounds of mass error 
percentages for LaBr3 spectra and the mass error percentages of HPGe spectra for the 
photopeak isolation technique and compares it to the values found from the concurrent 
Gaussian fitting technique. In this comparison, the percent error for the 202.12 keV/ 
205.316 keV photopeak decreased substantially. The reason for this decrease is clear 
when examining Figures G – 1 through G – 8, where the 202.12 keV/205.316 keV 
photopeak bleeds into the 185.715 keV photopeak. When the photopeak isolation method 
is applied, the entire peak at the energy of 185.715 keV is subtracted, including the 
portion of the 202.12 keV/205.316 keV photopeak that contaminates the 185.715 keV 
peak. By including the contamination in the concurrent Gaussian fitting technique, more 
accurate results are achieved for the 205.12keV/205.316 keV photopeak. Any 
contamination of other photopeaks by surrounding photopeaks can also be better 
characterized through the concurrent Gaussian fitting as the results indicate. Future 
iterations of the analysis program will continue to examine various techniques of 
characterizing the photopeaks, but for now the concurrent Gaussian fitting technique will 





























































(keV)   
143.76 0.2826 0.0223 145.28 0.3434 5.3277 0.4861 3.1261 0.0359 
163.356 0.1189 0.0235 164.94 0.7739 4.7927 1.0959 2.4864 0.0286 
185.715 1.4320 0.0204 187.81 0.0792 6.5137 0.1178 43.1843 0.4964 
205.316 0.1452 0.0194 206.82 0.8186 7.2226 1.2306 0.8388 0.0096 
 
 
















143.76 20.071 0.344 14.212 1.148 145.28 0.34 
163.356 16.242 0.775 4.841 0.985 164.94 0.77 
185.715 30.001 0.083 107.662 1.562 187.81 0.08 




















(keV)   
143.76 1.0290 0.0434 144.34 0.2330 6.1092 0.3393 10.9143 0.1269 
163.356 0.6993 0.0373 164.13 0.4129 9.0392 0.7017 6.8438 0.0796 
185.715 7.6062 0.0427 186.20 0.0322 6.5028 0.0509 725.2116 8.4327 
205.316 0.8543 0.0405 204.96 0.2912 7.1846 0.4398 10.4367 0.1214 
 
 
















143.76 26.391 0.240 68.055 2.936 144.34 0.23 
163.356 57.776 0.496 101.245 5.478 164.13 0.41 
185.715 29.901 0.036 569.955 3.272 186.20 0.03 




















(keV)   
143.76 0.1949 0.0394 143.05 0.9059 5.4944 1.2811 7.8888 0.0759 
163.356 0.0938 0.0550 163.69 1.3467 2.8146 1.9045 9.4687 0.0910 
185.715 0.8328 0.0371 186.06 0.2727 6.2287 0.3898 14.3008 0.1375 
205.316 0.0800 0.0316 204.35 3.3670 9.0457 5.2382 2.8529 0.0274 
 
 
















143.76 21.346 0.906 10.426 2.152 143.05 0.91 
163.356 5.602 1.347 1.317 0.835 163.69 1.35 
185.715 27.433 0.276 57.253 2.617 186.06 0.27 




















(keV)   
143.76 0.4430 0.0548 143.24 0.5470 5.4133 0.7735 9.2139 0.0886 
163.356 0.1472 0.0790 162.85 1.1424 2.6094 1.6156 6.4124 0.0617 
185.715 2.4672 0.0527 186.03 0.1116 5.9417 0.1645 57.2100 0.5501 
205.316 0.2472 0.0469 204.25 1.2526 7.7012 1.9135 2.4783 0.0238 
 
 
















143.76 20.721 0.547 23.003 2.911 143.24 0.55 
163.356 4.815 1.142 1.777 1.042 162.85 1.14 
185.715 24.964 0.116 154.345 3.372 186.03 0.11 




















(keV)   
143.76 1.4811 0.1131 143.43 0.3220 5.1630 0.4554 16.7638 0.1612 
163.356 0.4072 0.1392 163.09 0.9515 3.4080 1.3456 9.9836 0.0960 
185.715 8.0902 0.1046 185.95 0.0714 6.1131 0.1052 247.3816 2.3787 
205.316 0.8060 0.0936 204.09 0.8035 7.8934 1.2361 5.7408 0.0552 
 
 
















143.76 18.849 0.322 69.960 5.477 143.43 0.32 
163.356 8.213 0.951 8.382 3.027 163.09 0.95 
185.715 26.425 0.074 535.739 7.090 185.95 0.07 




















(keV)   
143.76 1.7524 0.1393 143.35 0.3394 5.2300 0.4799 13.4960 0.1298 
163.356 0.5591 0.1680 163.22 0.8819 3.5954 1.2472 13.1158 0.1261 
185.715 9.6208 0.1296 185.95 0.0712 6.1358 0.1054 279.8789 2.6911 
205.316 0.9679 0.1188 204.58 0.7734 7.4420 1.1695 6.2539 0.0601 
 
 
















143.76 19.341 0.339 84.939 6.914 143.35 0.34 
163.356 9.141 0.882 12.806 4.042 163.22 0.88 
185.715 26.621 0.074 641.822 8.835 185.95 0.07 




















(keV)   
143.76 0.0725 0.0043 144.21 0.0318 -0.6621 0.0450 0.7970 0.0022 
163.356 0.0325 0.0044 163.78 0.0681 0.6107 0.0964 0.6735 0.0019 
185.715 0.3761 0.0042 186.14 0.0062 0.6825 0.0088 12.4049 0.0343 
205.316 0.0332 0.0039 205.72 0.0764 0.8039 0.1081 1.4375 0.0040 
 
 
















143.76 0.310 0.032 0.056 0.007 144.21 0.03 
163.356 0.264 0.068 0.021 0.006 163.78 0.07 
185.715 0.329 0.006 0.310 0.007 186.14 0.01 




















(keV)   
143.76 0.2594 0.0100 144.03 0.0163 0.5200 0.0232 3.7359 0.0106 
163.356 0.1540 0.0098 163.61 0.0280 0.5398 0.0397 1.5401 0.0044 
185.715 2.0694 0.0097 185.96 0.0021 0.5438 0.0030 175.2100 0.4978 
205.316 0.1953 0.0095 205.55 0.0226 0.5658 0.0319 2.7083 0.0077 
 
 
















143.76 0.191 0.016 0.124 0.012 144.03 0.02 
163.356 0.206 0.028 0.080 0.012 163.61 0.03 
185.715 0.209 0.002 1.084 0.012 185.96 0.002 




































143.76 1.084794 4.58 1.00 11.00 17.63 2.46 60.279 
163.356 1.061446 3.4 1.00 11.00 35.52 11.25 222.909 
185.715 1.044618 2.65 1.00 11.00 13.45 0.34 22.292 
205.316 1.035036 2.26 1.00 11.00 12.78 2.94 16.139 
 
 






























143.76 1.00 1.00 2.20 6.85 4.93 1.78 28.079 
163.356 1.00 1.00 2.20 6.85 3.20 3.88 53.275 
185.715 1.00 1.00 2.20 6.85 6.22 0.52 9.237 









































143.76 1.00 1.00 2.20 16.62 15.71 5.18 5.475 
163.356 1.00 1.00 2.20 16.62 11.56 11.99 30.437 
185.715 1.00 1.00 2.20 16.62 20.98 1.67 26.205 
205.316 1.00 1.00 2.20 16.62 19.34 14.07 16.345 
 
 






























143.76 1.00 1.00 2.20 22.17 18.83 6.24 15.068 
163.356 1.00 1.00 2.20 22.17 16.74 16.85 24.474 
185.715 1.00 1.00 2.20 22.17 25.04 2.00 12.928 










































143.76 1.08 4.58 1.00 11.00 11.87 1.28 7.884 
163.356 1.06 3.40 1.00 11.00 13.42 3.09 21.997 
185.715 1.04 2.65 1.00 11.00 11.12 0.21 1.115 
205.316 1.04 2.26 1.00 11.00 9.03 1.74 17.938 
 
 


































143.76 4.65% 67.65% 7.89% 5.475% 60.279% 7.884% 
163.356 24.26% 205.8% 21.99% 24.474% 222.909% 21.997% 
185.715 10.33% 24.89% 1.12% 9.237% 26.205% 1.115% 
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